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ADVERTISEMENT. 



This Treatise being the joint production of two per- 
sons, it is right to state the portions of it which are the 
exclusive work of each. IWie chapter on Balances and 
Pendulums, the instruments on which the measurement 
of ufeight and Hme depends, has been written by Cap- 
tain Kater. For the remainder of the volume, Dr. 
Lurdnor is responsible. 
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THE 

ELEMENTS OF MECHANICS- 



CHAPTER I- 

PROPERTIES OF MATTER — • MAGNITUDE IMPENETRA- 
BILITY FIGURE FORCE. 

(1.) Placed in the material world, Man id continu- 
ally exposed to the action of an infinite variety of objects 
by which he is surrounded. The body, td which the 
thinking" and liviAg principles have been united, is an 
ttpparatus exquisitely ^contrived to receive and to trans- 
mit these impressions. Its various parts are orgunized 
with obvious reference to the several external agents 
by which it is to be affected, Sach organ is designed 
to convey to the miftd immediate notice of some pecu- 
liar action, aiid is accordingly endued wnh a corre- 
sponding susceptibility. This adaptation of the organs 
of sense to the particulfeir influences of material agents, 
is rendered still more conspicuous when we consider 
"that, however delicate its structure, each organ is whol- 
ly insensible to every influence except that to which it 
appears to be specially appropriated. The eye, so in- 
tensely susceptible of impressions from light, is not at 
all affected by those of sound ; while the flne tnechan- 
^ism of the ear, so- sensitively alive to every effedt of the 
latter class, is altogether insensible to the former. The 
splendor of excessive' light may occasion blindness, 
and d^fibess may result frctn the roar o^ a^ cannonade ; 
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but neither the sight nor the hearing can be injured by 
the most extreme action of >that principle which is de- 
signed to affect the other. 

Thus the organs of sense are xnstnimentB by which 
the mind is enabled to determine the existence and the 
qualities of external things* The effects which these 
objects produce upon the mind through the organs, are 
called sensations, and these sensations are the immedi- 
ate elements of all human knowledge. Matter is the 
general name which has been given to that substance, 
which, under forms infinitely various, affects the senses. 
Metaphysicians have differed in defining this principle. 
Some have even doubted of its existence. But these 
dtfpussions are beyond the sphere of mechanical philoso- 
phy^ the o^^nclusions of which are in nowise affected 
by them* Our investigations here relate, not to matter 
fi^ an abstract existence, but to those qualities which we 
discover in it by the senses, and of the existence of 
whioh we are sure, however the question as to mc^tter 
iteelf Dftay be decided. When we speak of ** bodiesj" 
we m^n thQse things, whatever they be, which exoil^ 
in our imnds certxiin sensations ; and the powei» to ex- 
oijke those ^asjitions are called *' properties," or '' quali- 
ties*" 

(2,) To ascertain by observation the properties of 
bodies, is the first step towards obtaining a knowledge 
of najfcure* Hence man becomes a natural philosopher 
the moment he begins to feel and to perceive. The 
first stage of life is a state of constant and cBrious ex- 
citement; Observation ai|d attention, ever awake, are 
engaged upoa a succession of objects iiew and wonder- 
ftd. The large repository of the memory is opened, and 
every hour pours into it unbounded stores of natural 
facts and appearaaces, the rich materials of future know- 
ledge. Tlxe keen appetite for discovery isapUiAed . in 
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the mind for the highest ends, continually stimulated 
by the presence of what is novel, renders torpid every 
other fticulty, and the powers of reflection and compar- 
ison are lost in the incessant activity and unexhausted 
vigor of observation. After a season, however, the 
more ordinary classes of phenomena cease to excite By 
their novelty. Attention is drawn from the discovery 
of what is new, to the examination of what is Ikmiliar, 
l^rom the exteriijtl world the miiid turns iii upon itself, 
aiid th6 feverish astonishment of childhood gives place 
to tii^ nioi'e calm contemplation of incipient maturity. 
'rh6 Vast and heterogeneous mass of phenomena collect- 
ed by past exp^a^hce is brought uridet review. Hid 
gteat ^ofk of COmparisdn begins. Memory proiucfes. 
hfe* jStot'^^, Arfd H6£t6ti arranges them, 'ttieh succeed 
tk^scr first itttetoj)t6 at ^eAerafiziition which niari' the 
^kMTh of scifefiie^ iri the taihd. 

Vb comf)4re', to clasi^fy, to generalize*, seem to be iii- 
s&T^tfv^ ^rdpeiidities peCuli&t to' man. Th^y separate 
him from inferior aimnals by & wide chasm. It is ib 
tbces^ powersr that AH the fhigher mental attributes may 
be teaced, and it is from their right application that all 
progress m science must arise. Without these powers, 
the phenomena of nature would continue a confused 
heap of crude facts, with which the memory might be 
leaded, but from which the intellect Would derive no ad- 
vantage. Comparison and generalization are the great 
digestive otgan^ of the mind, by which only nutrition 
can be extracted from thi6 mass of intellectual food, and 
T^thout which, observation the most extensive, and at- 
tention the most unremitting, can be productive of no 
real or useful advancement in knowledge. 

(3.) Upon reviewing those properties of bodies which 
the senses tnost frequently present ttf us, w6 observe 
that very few of l^em are edsentiy to, aiid insepaii^able 
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obstruction conunences at oertain places; that it has 
ce^^n determinate limits j that these limitations are 
placed in certain directions relatively to each other. 
The mutual relation which is found to subsist between 
these boundaries of a body, gives us the notion of its 
figure. The figure and volume of a body should be care- 
fully distinguished. Each is entirely independent of 
the otiier. Bodies having very different volumes' may 
have the svaae figure ; and in like manner bodies differ- 
ing infi^re may have the same volume. The figure of 
a body is what in jiopular language is called its ghape 
or form. The volume of a body is that which is com- 
monly called its size. It will hence be easily under- 
stoddy that one body (a globe for example) may have 
ten times liie volume of another (globe), and yet have 
the same figure ; and that two bodies (ar a die and a 
globe) may have figures altogether dififerent, and yet 
have equal volumes. What we have here observed of 
volumes will also be applicable to lengths and areas. 
The arc of a circle and a straight line may have the 
same length, although they have different figures ; and, 
on liie other hand, two arcs of different circles may 
have the same figure, but very unequal lengths. The 
surface of a ball is curved, that of the table plane ; and- 
yet ttie area of the surface of the ball may be equal to 
that of the table. 

(7.) Atoms — Molecules. — Impenetrability must not 
be confounded with inseparability. Every body which 
has been brought under human observation is separable 
into parts ; and these ports, however small, are separa* 
ble into others still more minute. To this procesi^ of 
division no practical limit Has- ever been found. Never- ^ 
theless, many of the phenomena which the researches of 
those who have successfully examined the laws of ria- , 
ture have developedi render it hi^ly probable that all 



^dies aie composed of elementary parts which are in- 
divisible and unalterable. The component parts, which 
siay be called atoms, are ^f^ minute, as altogether to 
«lude the senses, even when improved by the most pow- 
-ei^ful aids of art. The word molecule is often used to 
-^gnify coy^ponent parts of a body, so small as to escape 
^sensible observ9.tion, but not ultimate atoms, each mole- 
cule being supposed to be formed of several atoms, 
arranged according to s<MBe determinate figure. Par- ' 
ifele is use4 also to express small component parts, but 
i3Q^>re generally is applied to those which are not too 
ini^p^te to be discoverable by observation. 

(8 ) Jbrce. — If the particles of matter were endued 
^J,th no property in relation to one another, except their 
Iputiji^ impenetrability, the universe would be like a 
naass of sand;, without variety of slate or fonn. Atoms, 
lyhen placed in. juxtaposition, would Beither cohere, as 
iB aolftd bodies, nor repel each other, as in afiriform sub- 
st^ceSr We fijnd^ on the other hand, that in some cas- 
es, the atoms which compose bodies are not simply 
placed together^ but a certain effect is manifested ia 
their strong coherence. If they were merely placed in 
juxtaposition, their separation would be effe.ted as easi- 
ly as any component particle could be removed from 
•one place to another. Take a piece of iron, and attempt 
to.sepajEate its parts: the effort will be strongly resist- 
ed, a«iid it will be a matter of much greater facility to 
remove the whole mass. It appears, therefore, that in 
siich cases the parts which are in juxtaposition cohere 
and resist their mutual separation. This effect is de- 
nominitted force ; and the constituent atoms are said to 
cohere with a greater or less degree of force, according 
as they oppose a greater or less resistance to their mu- 
tual separation. 

a3 
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The coherence of particles in juxtaposition is an effect 
of the same class as the mutual approach of particles 
placed at a distance from each other. It is not difficult 
to perceive that the same influence which causes the 
bodies A and B to approach each other, when placed at 
some distance asunder, will, when they unite, retain 
them together, and oppose a resistance to their separa- 
tion. Hence this effect of the mutual approximation of 
bodies towards each other is also called ybrcc. 

Force is generally defined to be " whatever produces 
or opposes the production of motion in matter." In this 
sense, it is a name for the unknown cause of a known 
effect. It would, however, be more philosophical to give 
the name, not to the cai^^c, of which we are ignorant* 
but to the e^^ec^, of which we have sensible evidence w 
To observe and to classify is' the whole business of the 
natural philosopher. When causes are referred tq, it is 
implied, that effects of the same class arise from the 
agency of the same cause. However probable this as- 
sumption may be, it is altogether unnecessary. All the 
objects of science, the enlargement of mind, the exten- 
sion and improvement of knowledge, the facility of its 
acquisition, are obtained by generalization alone, and no 
good can arise from tainting our conclusions with the. 
possible errors of hypothesis. 

• It may be here, once for all, observed, that the phra- 
seology of causation and hypotheses has become so inter^ 
woven with the language of science, that it is impossi- 
ble to avoid the frequent use of it. Thus, we say, "the 
magnet attracts iron ; " the expression attract intimating 
the cause of the observed effect. In such cases, howev- 
er, we must be understood to mean the effect itself, find- 
ing it less inconvenient to continue the use of the re- 
ceived phrases, modifying their signification, than to iu*^ 
troduce new ones. 
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Force, when manifested by the mutual approach or 
cohesion of bodies, is also called attmdion, and it is va- 
riously denominated, according to the circumstances 
under which it is observed to act Thus, the force 
which holds together the atoms of solid bodies is called 
cohesive attraction. The force which draws bodies to 
the surface of the earth, when placed above it, is called 
the atiracHon of gravitation. The force which is ex- 
hibited by the mutual approach, or adhesion, of ^e load- 
stone and iron, is called magnetic attraction, and so on. 

When force is manifested by the remotion of bodies 
from each other, it is called repulsion. Thus, if a piece 
of glass, having been briskly rubbed wit& a silk hand- 
kerchief, touch successively two feathers, these feathers 
if brought near each other, will move asunder. This 
effect is called repulsion^ and the feathers are said to 
rqi>d each other. 

(9.) The influence which forces have upon the form, 
state, arrangement, and motions of material substances 
18 the principal object of physical science. In its strict 
sense, Mechanics is a term of very extensive significa- 
tion. According to the more popular usage, however, 
it has been generally applied to that part of i^ysical sci- 
ence which includes the investigation of the phenome- 
na of motion and rest, pressure, and other effects devel- 
oped by the mutual acticm of solid masses. The consid- 
eration of similar phenomena, exhibited in bodies of 1^ 
liquid form, is consigned to HTnaosTATics, and that of 
lifirifonn fluids to Pneumatics. 
a4 
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CHAPTER n. 

DITISIBILITT ^"porosity DENSITY COMPRESSI- 
BILITY — ELASTICITY DILATABILITY. 

(10.) Besides the qualities, magnitude and impene- 
trability, there are several other general properties of 
bodies contemplated in mechanical philosophy, and to 
which we shall have frequent occasion to refer. Those 
which we shall notice in the present chapter are, 

1. Divisibility. 

2. Porosity — Density. 

3. Compressibility — Elasticity. 

4. Dilatability. 

(11.) Divisibility^ — Observation and experience prove 
that all bodies of sensible magnitude, even the most 
solid, consist of parts which are separable. To the 
practical subdivision of matter there seems to be no as- 
signable limit. Numerous examples of the division of 
matter, to a degree almost exceeding belief, may be 
found in experimental enquiries instituted in physical 
science ; the useluL arts furnish many instances not less 
striking ; but, perhaps, the most conspicuous proofs 
which can be produced, of the extreme minuteness of 
which the parts of matter are susceptible, arise from 
the consideration of certain parts of the organized 
world. 

(12.) The relative places of stars in the heavens, as 
seen in the field of view of a telescope, are marked by 
fine lines of wire placed before the eye-glass, and which 
cross each other at right angles. The stars appearing 
in the telescope as mer^ lucid points without sensible 
magnitude, it is necessay that the wires which mark 
their places should have a corresponding tenuity. But 
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these wires being magnified by the eye-glass would 
have an apparent thickness, which would render them 
inapplicable to this purpose, unless their real dimen- 
sions were of a most uncommon degree of minuteness. 
To obtain wire for this purpose, Dr. WoUaston invent- 
ed the following process : — A piece of fine platinum 
wire, a 5, is extended along the axis of a cylindrical 
mould, A B, f^. 1. Into this mould, at A, molten silver 
is poured. Since the heat necessary for the fusion of 
platinum is much greater than that which retains silver 
in the liquid form, the wire a h r.emains solid, while the 
mould A B is filled with the silver. When the metal 
has become solid by being cooled, and has been remov- 
ed from the mould, a cylindrical bar of silver is obtained, 
having a platinum wire in its axis. This bar is then 
wire-drawn, by forcing it successively through holes 
C, D, E, P, G, H, diminishing it in magnitude, the first 
liole being a little less than the wire at the beginning 
of the process. By thesO means the platinum o 5 is 
wire-drawn a;t the same time, and in the same propor- 
tion with the silver, so that whatever be the original 
proportion of the thickness of the wire o 6 to that of the 
mould A B, the same will be the proportion of the pla- 
tium wire to the whole at the several thicknesses C, D, 
&c. If we suppose the mould A B to be ten times the 
thickness of the wire a b, then the silver wire, through- 
out the whole process, wilt be ten times the thickness 
of the platinum wire which it includes within it. The 
silver wire may be drawn to a thickness not exceeding 
the 300th of an inch. The platinum will thus not ex- 
ceed the 3000th of an inch. The wire is then dipped 
in nitric acid, which dissolves the silver, but leaves the 
platinum solid. By this method Dr. WoUaston succeed- 
ed in obtaining wire, the diameter of which did not ex- 
ceed the 18,000th of an inch. A quantity of this wire, 
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equal in btdk to a common die vaed in games of chance, 
would extend from Paris to Rome. 

(13.) I^ewton succeeded in determining the thickness 
of very thin laminae of transparent substances by ob- 
serving the colors which they reflect. A soap bubble 
is a tlun shell of water, and is observed to reflect differ- 
ent colors from diflerent parts of its surface. In^nedi- 
&tely before the bubble bursts, a black spot may be 
observed, near the top. At this part the thickness has 
been proved not to exceed the 2,500,000th of ^ inch* 

The transparent wings of certain insects are so at- 
tenuated in thei^ structure that 50,000 of them plap^4 
over each other would not form a pile a quarter of af^ 
inch in heigl^t. 

(14.) In the manufacture of embroidery it is i^cessar 
ry,to obtain very fine gilt silver threads. To accom- 
plish this, a cylindrical bar of silvpr, wpig^iijg 360' 
ounces, is covered with about two ounces of gold. This 
gilt bar is then wire-drawn, as in the first example, ui^ 
til it ;s reduced to a thread so fine thi|,t 3400 feet of it 
we^gh less than an ounce. The wire is then flattened 
by passing it between rollers under a severe pressure, ^ 
process which increases its length, so tliat about 4000 
feet shall weigh one ounce. Hence, one foot will weigh 
the 4000th part of an ounce. The proportion of the 
gold to the silver in the original bar was that of 2 to 
360, or 1 to 180. Since the same proportion is preserv- 
ed after the bar has been wire-drawn, it follows that 
the quantity of gold which covers one foot of the fine 
wire is the 180th part of the 4000th of an ounce ; that 
is the 720,000th part of an ounce. 

The quantity of gold which covers one inch of this 
wire will be twelve times less than that which cod- 
ers one foot Hence, this quantity will be the 8,640,0Q0th 
part of an ounc^. If this inch be again divided in- 



citAP«ii. t^wifumAtrt. Id- 

to liW (f<pxel pwto, evfery pJtort wOTfie cBstitf^fly vislBte' 
without the tdd of microeeopeis. The gold which cov- 
ets this stofXl but visible portion is the 864,000,000th 
part of an ouce. But we may proceed even fiirther ; this 
portion of the wire may be viewed by a microscope 
which magnifies 500 times, so that the 500(ii part of it 
will thus become visible. In this manner, therefore, an 
ounce of gold may be divided into 433,000,000;000 parts. 
E«eh of these parts will possess aU the characters and 
qoalities which are found in the largest masses of the 
metal. It retains its solidity, teitture, and color ; it 
resists the same agents, and enters into combination 
with the same substances. If the gilt wire be dipped 
in nitric acid, the silver within the coating will be dis- 
solved, but the hollow tube of gold which surrounded it 
will still cohere and remain suspended'. 

(15.) The organized world offers still more remarka- 
ble examples of the inconceivable subtilty of matter. 

The blood which flows in the veins of animals is not, 
as it seems, an uniformly red liquid. It consists of 
small red globules, floating in a transparent fluid called 
KTum. In diflTerent species these globules differ both' 
in figure and in magnitude. In man and all animals 
which suckle their young, they are perfbcdy round or 
spherical. In birds and fishes they are of an oblong 
spheroidal form. In the human species, the diameter* 
of the globules is about the 4000th of an inch. Hence 
it follows, that in a drop of blood which would remain 
suspended from the point of a fine needle, there must 
be about a million of globules. 

Sodall as these globules are, the animal kingdom^ 
presents' beingib whose whole bodies are still more mi^ 
taM. Animaldul^s have beeii discovered, whose mag> 
mtude is such^ that a million of them does not exceed 
the bulk of a groin of sand ; and yet each of these crea* 
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tures is composed of members as curiously organized as 
those of the largest species ; they have life and sponta- 
neous motion, and are endued with sense and instinct. In 
the liquids in which they live, they are observed to move 
with astonishing speed and activity ; nor are their mo- 
tions blind and fortuitous, but evidently goveriied by 
choice, aj^d directed to an end. They use food and 
drink, ftom which they derive nutrition, and are there- 
fore furnished with a digestive apparatus. They have* 
great muscular power, and are furnished with limbs and 
njuscles of strength and flexibility. They are suscepti- 
ble of the same appetites, and obnoxious to the same 
passions, the gratification of which is attended with the 
same results as in our own species. Spallanzani ob^ 
serves, that certain animalcules devour others so vora- 
ciously, that they fktten and become indolent and slug^ 
gish by over-feeding. After a meal of this kind, if they 
be confined in distilled water, so as to be deprived of all 
food, their condition becomes reduced; they regain 
their spirit and activity, and amuse themselves in the 
pursuit of the more minute animals, which are supplied 
to them ; they swallow these without depriving them of 
life, for, by the aid of the microscope, the one has been 
observed n^oving wiikin the body of the other. These 
singular appearances are not matters of idle and curi- 
ous observation. They lead us to enquire what parts 
are necessary to produce such results. Must we not 
conclude that these creatures have heart, arteries, veinst 
ijQUScles, sinews, tendons, nerves, circulating fluids, and 
all the concomitant apparatus of a living organized 
Vody ? And if so, how mconceivably minute must those 
parts be ! If a globule of their blood bears the same 
proportion to their whole bulk as a globule of our blood 
Ijears to our magnitude, what powers of calculation can 
give m adequate notion of its minuteness ? 
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(16L) Th^se^and mmj othor ph^nopena observed in^ 
the immediate, productions of nature, or: developed by- 
mechanical and chemical procesaee, prove that the 
materials of which bodies are formed are susceptible of 
minuteness which infinitely exceeds the powers of sen- • 
sible observation, even when those powers have been 
extended by all the aids of science. Shall we then 
conclude that matter is infinitely divisible, and that 
there are no original constituent atoms of determinate 
magiutude and figure at which all subdivision must 
cease ? Sucli an inference would be U9warranted, even- 
had we no pther. means pf judging the question, except, 
tiiose of. direct observation; for. it would be imposing 
that limit on the works of nature which she has placed 
upon our powers of observing them. Aided by reason,^ 
J^pwever^ and a due consideration of certain phenomena: 
which come within our immediate powers of observa* 
tipn, we are frequently able to determine other phenom^ 
ena which are beyond those powers. The diurnal mo- 
tion of the earth is not perceived by us, because all 
tilings arpund us participate in it, preserve their relative < 
position, and appear to be at rest. But reason tells us 
that such a motion must produce the alternations of day 
and night, and the rising and setting of all the heaven^ ^ 
ly bodies; appeaxances which are plainly observable^ 
and which betray the cause from which they arise. 
Again, we cannot place ourselves at a distance from 
the earth, amd. behold the axis on which it revolves,, and 
observe its peculiar obliquity to the orbit in which the 
earth moves; but we see and feel the vicisitudes of the 
seasons, an. effect which is the immediate consequence 
of that incUciatipQy and by which we are able to detect 
it 

(J 7.) So it is in the preseat case. Although we ajce 
unable by dirfjct obs9rvatip:pi to prove. th«exi9te«uee of' 
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oMUifitdmit DMiteyift) ftt^ml <yf d«t6fmittftte If^re, yet 

tbeir exifltM6« in tlie bl^best ^t^t proibaMe, if tiot 
iBortiUjr t^italti. Tke sKMit remar kubkt of this class of 
effects k Observod in the ctystaBi^atioir of salts. When 
sttlt is disBoli^Od itt a suMcie&t quantity of piii'o Water, 
it B^es iviih the Watei* in sueh a manilet as wfaoHy to 
^Ssappeat to iki<^ sig^ht and touch, the mixtore being ono 
ttiiMbrm transpax^fit Uquid like the water itself, befbrtd 
its ttaioa with ^ salt The presettce of t^e sdt rt ik^ 
vf^Joet miiy, bowever, be ascerttdned by weigliing ^bfe 
ia&et»r«, whk^ vtHSL b4 foiuid to elected th^ oiigihti 
weight €^ thd water by the edritet amotiilt of the Wei^t 
of t^ salt. It is a WeQ-knoWA ftet, ^at A <ii^H»ixi de^- 
IfTOe of k««t will conven water into vdpor, and tttttt 
th4 same degree of hesA decfs not elR^t iaf dtinai^e oh 
the form of salt. The n^^ure Of ^alt attd Wattji* Hektg 
expGned to tkds temperatm^e, the WAtet wfll grAduiffijr 
empovate, disengagiltg itself from the stilt with which 
it has boofi combined. When so much of the watet* has 
emfkocitod, that what remiuns is insufficient to keep in 
ssiutioB the whole of the salt, a part of it thus disett-i 
gaged from the water wiU return to the solid state. 
The ialine particles wiB not in thi» case ccUect in ir-' 
regular solid mc4eei^s ; hot will exhibit themselTes iA 
particles c^ mgi^ar figares, terminated by plam; surfa- 
ces, the fifgnres being always the same for the samo 
species of salt, but difibrent for different species. There 
are seineral circumstances m the formation of these 
cf^MU^ which merit attention* 

If one of the crystals be defaehed from the others, 
and the progress of its formation observed, it will be 
found gradually to increase, always preserving its origi- 
nal figm'o^ Smce its mcrease mttst be eafteed \xf the 
coQtiafted aoceasiiM^ of liatliiKe pottieles, £sefigaged by 
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tiplea ioufiV)>e a^ fonsed, thjut by attaching themselves 
ImGcesjsiyidly to t^e cryetaly they maintain the regularity 
of ite homd^ng plagee^ aad j^esQrve theis mutmal vocVt- 
natiofis. .unT|ui;ied# 

Suppose ^ ccyiital to be taken from the liquid dvamg 
the proo^9^.qi cryfitaUizatioB, and a pieee broken from 
it so aa to €Le8tr4>y the regutexity of its form : if the 
Qxystal thus htcken be reetored to the liquid^ it wiH be 
obyeryed gradually to resume its regular form,. the at- 
oms of salt successively dismissed by the vaporijcuig 
water :filling up the irregular cavities produced by the 
fracture. . H^nce it follows^ that the saline particles 
which compose ike suriaice of the crystal, and those 
which f&nsk th^ interi(»: of its mass, are similar, and 
9pert si^ax^ attnictioos on the atoms disengaged by 
the water* 

'All these details of the process of crystallisation are 
vary^ evident indicatixHus of a determi^ato figure in the 
ultimate atoms of the substances which Bxe ciystidliaed. 
But besides the substances which are thus reduced by 
ajrt to the form of crystals, there are krger classes 
which naturally exist in tiiat state* There are certain 
planes, called planes of dleatM^e^ ih the directions of 
which natural crystals are easily divided. Th/sse 
plivnes, in substances ol* the same kind, always have 
the same relative position, but differ in different substan- 
ces. The surfaces of the planes of cleavage are quite 
invisible before the crystal is dividod.; but when the 
ports are separated, Uiese surfaces eit|»bit a. most m- 
taujie polish, which no efibrt of art.oan equ#l* 

We may conceiye crystallized substxi#ces to be reigtci- 
lar mechanicaJl structwep formed of atoms of a eertain 
dg^ro, 0^ whiph the figure of the whole st^u^^tuxe ibwt 
dg|>^« fh^. 9laA^, of cteayage m9. paffiUel lo the 
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sides of the isonsftituent atoms; ahd^t&oir direclioiis, 
therefore, form so many conditions for tixe determination 
of its figure. The shape of the atoms being thus deter- 
mined, it is not difficult to assign all the variotts ways 
in which they may be arranged, so as to {Produce figures 
which are accordingly found to correripoad with the 
various forms of crystals of the 6ame substance. 

(18.) When these phenomena^ ' are diily considered 
and compared, little doabt (^an rem^ that all substan- 
ces susceptible of crystalHzatibn, consist of atoms of 
determinate figure. This is- the case witti all solid bod- 
ies whatever, which have come uAddr scientific observa- 
tion, for they have been severally found in or- reduced 
to a crystallised form. Licjuid* -crystalline dii freezing, 
and if aeriform fluids could byany means be rediiced to 
^e solid form, they would 'probably also inanifest the 
same efiect. Hence it appears reasonable to presume, 
that all bodies are composed of atoms ; that the differ- 
ent qtiallties with which we fitid different substances 
endued, depend on the magnitude and figure of these 
litoms^ that these aioins are indeidtructible and immuta- 
ble fey aiiy natural ^bcess, for we find the qtttUities 
which depend on^ them unchangeably tte" same' under 
all-tiie infltiences'to whifeh- they have been submitted 
' since thei!r creation ^ that 'these atoms are' so minute in 
their uwignltude; that they dahnot be observed by any 
means which humAn art has-yet contrived ; but stiH that 
magnitildes can be assigned which they db hot exceed. 
•' It is proper, however, to observe here,' theit the vari- 
oms theorems of ihechanioal science do Hot test ujJito 
any hypothi^isid concerning thes^ ctt^dih^ ^ a bd^. 
•Tijfey are not inferred from this or aliy other supposition, 
and therefore their truth would hot be in anywise dis- 
tarbed, ^ven though it should be estaMiehed that matter 
is physically divisible m' if^nUum. ' The Wis "Of- me- 
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chanical science is observed faets^ and, since the reason* 
ing is demonstrative, the conclasions have the same 
degree of certainty as the facts from which they are 
deduced. 

(19.) Porosity, — The volume of a body is the quan- 
tity of space included within its external surfaces. 
The mass of a body, is the collection of atoms or mate- 
rial particles of which it consists. Two atoms or parti- 
cles are said to be in contact, when they have approach- 
ed each other until arrested by their mutual impenetra- 
bility. If the component particles of a body were in 
contact, the volume would be completely occupied by 
the m^iss. But this is not the case. We shall present- 
ly prove, that the component particles of no known sub- 
stance are in absolute contact. Hence it follows that 
the volume consists partly of material particles, and 
partly of interstitial spaces, which spaces are either ab- 
solutely void and empty, or filled by some substance of 
a different species from the body in question. These 
interstitial spaces are called pores. 

In bodies which are constituted uniformly throughout 
their entire dimensions, the component particles and the 
pores are uniformly distributed through the volume; 
that is, a given space in one part of the volume will con- 
tain the same quantity of matter and the same quantity 
of pores as an equal space in another part 

(20.) The proportion of the quantity of matter to the 
magnitude is called the density. Thus if of two sub- 
$tances, one contains in a given space twice as much - 
matter as the other, it is said to be '^ twice as dense.'' 
The density of bodies is, therefore, proportionate to 
the closeness or proximity of their particles ; and it is 
evident, that the greater the density, the less will be 
the porosity. 

6 
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The pores of a body are frequently filled with another 
body of a more subtle nature. If the pores of a body 
on the surface of the earth, and exposed i to the atmo- 
sphere, be greater than the atoms of air, then the air 
will pervade the pores. This is found to be the case of 
many sorts of wood which have open grains. If a piece 
of such wood, or of chalk, or of sugar, be pressed to the 
bottom of a vessel of water, the air which fills the pores 
will be observed to escape in bubbles and to rise at the 
surface, the water pervading the pores, and taking its 
place. 

If a tall vessel or tube, having a wooden bottom, be 
filled with quicksilver, the liquid metal will be forced by 
its own weight through the pores of the wood, and will 
be seen escaping in a silver shower from the bottom. 

(21.) The process of filtration, in the arts,, depends on 
the presence of pores of such a magnitude as to allow 
a passage to the liquid, but to refuse it to those impuri- 
ties from which it is to be disengaged. Various sub- 
stances are used as filtres ; but-, whatever be used, this 
circumstance should always be remembered, that no 
substance can be separated from a liquid by filtration, 
except one whose particles are larger than those of the 
liquid. In gener&l, filtres are used to separate solid 
impurities from a liquid. The most ordinary filtres are 
soft stone, paper, and charcoal. 

(22.) All organized substances in the animal and vege- 
table kingdoms are, from their very natures, porous in 
a high degree. Minerals are porous in various degrees. 
Amcmg the siliceous stones is one called hydrophaney 
which manifests its porosity in a very remarkable man- 
ner. The stone, in its ordinary stAte, is semi-transpar- 
ent If, however, it be plunged in water, when it is 
withdrawn it is as translucent as glass. The pores, in 
this case, previously filled with air, are pervaded by the 
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water, between which and the stone there subsists a 
physical relation, by which the one renders the other 
perfectly transparent. 

Larger mineral masses exhibit degrees of porosity 
not less striking. Water percolates through the sides 
and roofs of caverns and grottoes, and being impregna- 
ted with calcareous and other earths, forms stalactites, 
or pendant protuberances, which present a curious ap- 
pearance. 

(23.) CompresnbUity, — That quality, in virtue of 
which a body allows its volume to be diminished with- 
out diminishing its mass, is called compressibility. This 
effect is produced by bringing the constituent particles 
more close together, and thereby increasing the density 
and diminishing the pores. This eflect may be pro- 
duced in several ways ; but the name " compressibility " 
is only applied to it when it is caused by the agency of 
mechanical force, as by pressure or percussion. 

All known bodies, whatever be their nature, are capa- 
ble of having their dimensions reduced without dimin- 
isdiing their mass ; and this is one of the most conclusive 
proofs that all bodies are porous, or that the constituent 
atoms are not in contact ; for the space by which the 
volume may be diminished must, before the diminution, 
consist of pores. 

(24.) Some bodies, when compressed by the agency 
of mechanical force, will resume their former dimen- 
sions with a certain force when relieved from the ope- 
ration of the force which has compressed them. This 
property is called elasticity ; and it follows, from this 
definition, that all elastic bodies must be compressible, 
although the converse is not true, compressibility not 
necessarily implying 'elasticity. 

(25.) DHatabUity. — This quality is the opposite' of 
compressibility. It is the capability observed in bodies 
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to have their volume enlarged without increasing their 
mass. This effect may be produced in several ways. 
In ordinary circumstances, a body may exist under the 
constant action of a pressure by which its volume and 
density are determined. It may happen, that on the 
occasional removal of that pressure, the body will dUaU 
by a quality inherent in its constitution. This is the 
case with common air. Dilatation may also be the efiEect 
of heat, as will presently appear. 

The several qualities of bodies which we have noticed 
in this chapter, when viewed in relation to each other, 
present many circumstances worthy of attention. 

(26.) It is a physical law, to which there is no real 
exception, that an increase in the temperature, or de- 
gree of heat by which a body is affected, is accompa- 
nied by an increase of volume ; and that a diminutioa 
of temperature is accompanied by a diminution of vol- 
ume. The ai^arent exceptions to this law will be no- 
ticed and explained in our treatise on Heat. Hence it 
appears that the reduction of temperature is an effect 
which, considered mechanically, is equivalent to com- 
pression or condensation, since it diminishes the volume 
without altering the mass ; and since this is an effect of 
which all bodies whatever are susceptible, it follows 
that all bodies whatever have pores. (23.) 

The fact, that the elevation of temperature produces 
an increase of volume, is manifested by numerous ex» 
periments. 

(27.) If a flaccid bladder be tied at the mouth, so as 
to stop the passage of air, and be then held before a 
fire, it will gradually swell, and assume the appearance 
of being fully inflated. The small quantity of air con- 
tained in the bladder is, in this case, so much dilated by 
the heat, that it occupies a considerably increased space, 
and fills the bladder, of which it before only occupied a 
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small part When the hladder is removed from the 
fire, and allowed to resume its former temperature, the 
air returns to its former dimensions, and the bladder 
becomes again flaccid. 

(28.) Let A B, Jig. 2. be a glass tube, with a bulb at 
the end A ; and let the bulb A, and a part of the tube, 
be filled with any liquid, colored so as to be visible. 
Let C be the level of the liquid in the tube. If the 
bulb be now exposed to heat, by being plunged in hot 
water, the level of the liquid C will rapidly rise towards 
B. This efiect is produced by the dilatation of the liquid 
in the bulb, which filling a greater space, a part of it is 
forced into the tube. This experiment may easily be 
made with a common glass tube and a little port wine. 

Thermometers are constructed on this principle, the 
rise of the liquid in the tube being used as an indication 
of the degree of heat which causes it A particular 
account of these useful instruments will be found in our 
treatise on Heat. 

(29.) The change of dimension of solids produced by 
changes of temperature being much less than that of 
bodies in the liquid pr aeriform state, is not so easily 
observable. A remarkable instance occurs in the pro- 
cess of shoeing the wheels of carriages. The rim of 
iroj3i with which the wheel is to be bound, is made in the 
first instance of a diameter somewhat less than that of 
the wheel ; but being raised by the application of fire to 
a very high temperature, its volume receives such an 
increase, that it will be sufficient to embrace and sur- 
round the wheel. When placed upon the wheel it 
is cooled, and suddenly contracting its dimensions, 
binds the parts of the wheel firmly together, and be- 
comes securely seated in its place upon the face of the 
fellies. 

62 
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(30.) It frequently happens that the stopper of a glass 
hottle or decanter becomes fixed in its place so firmly, 
that the exertion of force sufiicient to withdraw it 
would endanger the vessel. In this case, if a cloth 
wetted with hot-water be applied to the neck of the 
bottle, the glass will expand, and the neck will be 
enlarged, so as to allow the stopper to be easily with- 
drawn. 

(31.) The contraction of metal consequent upon 
change of temperature has been applied some time ago 
in Paris to restore the walls of a tottering building to 
their proper position. In the Conservatoire des Arts et 
Metiers, the walls of a part of the building were forced 
out of the perpendicular by the weight of the roof, so 
that each wall was leaning outwards. M. Molard con- 
ceived the notion of applying the irresistible force with 
which metals contract in cooling, to draw the walls 
together. Bars of iron were placed in parallel direc- 
tions across the building, and at right-angles to the 
direction of the walls. Being passed through the walls, 
nuts were screwed on their ends, outside the building. 
JElvery alternate bar was then heated by lamps, and the 
nuts screwed close to the walls. The bars were then 
cooled, and the lengths being diminished by contraction, 
the nuts on their extremities were drawn together, and 
with them the walls were drawn through an equal 
space*. The same process was repeated with the in^ 
termediate bars, and so on alternately until the walls 
were brought into a perpendicular position. 

(32.) Since there is a continual change of tempera- 
ture in all bodies on the surface of the globe, it follows, 
that there is also a continual change of magnitude. 
The substances which surround us are constantly 
swelling and contracting under the vicissitudes of heat 
and cold. They grow smaller in winter, and dilate in 
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summer. They swell their bulk on a warm day, and 
contract it on a cold one. These curious phenomena 
are not noticed, only because our ordinary mean^S of 
observation are not sufficiently accurate to appreciate 
them. Nevertheless, in some familiar instances the 
effect b very obvious. In warm, weather the flesh 
sweUs,vthe vessels appear filled, the hand is plump, and 
the skin distended. ^ In cold weather, when the body 
has been exposed to the open air, the flesh appears to ' 
contract, the veasels shrink, and the skin shrivels. 

(33.) The phenomena attending change of tempera- 
ture are conclusive proofs of the universatl porosity of 
material substances, but they are not the only proofs. 
Many substances admit of compression by the mere 
agency of mechanical force. 

Let a small piece of cork be placed floating on the 
surface of water in a basin or other vessel, and an empty 
glass goblet be inverted over the cork, so that its edge 
just meets the water. A portion of air will then be 
confined in the goblet, and detached from the remainder 
of the atmosphere. If the goblet be now pressed 
downwards, so as to be entirely immersed, it will be 
observed, that the water will not fiU it, being excluded 
by the impenetrabUily of the air inclosed in it. This" 
experiment, therefore, is decisive of the fact, that air, 
one of the- most subtle and attenuated substances we 
know of, possesses the quality of impenetrability. It 
absolutely excludes any other body from the space 
which it occupies at any given moment. 

But although the water does not fill the goblet, yet if 
the position of the cork which floats upon its surface be 
noticed, it will be found that the level of the water 
withih has risen above its edge or rim. In fact, the 
water has partially filled the goblet, and the air has 
been forced to contract its ^Umensions. This eflect is 
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produced by the pressure of the incumbent water 
forcing the surface in the goblet against the air, which 
yields until it is so far compressed that it acquires a 
'force able to withstand this pressure. Thus it appears 
that air is capable of being reduced in its dimensions by 
mechanical pressure, independently of the ' agency of 
heat. It is compressible. 

That this effect is the consequence rf the pressure of 
the liquid will be easily made manifest by showing that, 
as the pressure is increased, the air is proportionally * 
contracted in its dimensions; and as it is diminished 
the dimensions are on the other hand enlarged. If the 
depth of the goblet in the water be increased, the cork 
will be seen to rise in it, showing that the increased 
pressure, at the greater depth, causes the air in the 
goblet to be more condensed. If, on the other hand, the 
goblet be raised toward the surface, the cork will be 
observed to descend toward the edge, showing that as 
it is relieved from the pressure of the liquid, the air 
gradually approaches to its primitive dimensions. 

(34.) These phenomena also prove, that air has the 
property of elasticity. If it were simply compressible, 
and not elastic, it would retain the dimensions to which 
it was reduced by the pressure of the liquid ; but this is 
not found to be the result. As the compressing force is 
diminished, so in the same proportion does the air, by 
its elastic virtue, exert a force by which it resumes its 
former dimensions. 

That it is the air alone which excludes the water 
*rom the goblet, in the preceding experiments, can easily 
be proved. When the goblet is sunk deep in the vessel 
of water, let it be inclined a little to one side until its 
mouth is presented towards the side of the vessel ; let 
this inclination be so regulated, that the surface of the 
water in the goblet shall just reach its edge. Upon a 
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slight increase of inclination, air will be observed to 
escape from the goblet, and to rise in bubbles to the 
surface of the water. If the goblet be then restored to 
its position, it will be found that the cork will rise 
higher in it than before the escape of the air. The 
water in this case rises and fills the space which the air 
allowed to escape has deserted. The same process may 
be repeated until all the air has escaped, and then the 
goblet will be completely filled by the water. 

(35.) Liquids are compressible by mechanical force 
m so slight a degree, that they are considered in all 
hydrostatical treatises as incompressible fluids. They 
are, however, not absolutely incompressible, but yield 
slightly to very intense pressure. The question of the 
compressibility of liquids was raised at a remote period 
in the history of science. Nearly two centuries ago, an 
experiment was instituted at the Academy del Cimento , 
in Florence, to ascertain whether water be compressible, 
With this view, a hollow ball of gold was filled with the 
liquid, and the aperture exactly and firmly closed. The 
globe was then submitted to a very severe pressure, by 
which its figure was slightly changed. Now it is proved 
in geometry, that a globe has this peculiar property, 
that any change whatever in its figure must necessarily 
diminish its volume or contents. Hence it was inferred, 
that if the water did not issue through the pores of the 
gold, or burst the globe, its compressibility would be 
established. The result of the experiment was that the 
water did ooze through the pores, and covered the sur-' 
face of the globe, presenting the appearance of dew, or 
of steam cooled by the metal. But this experiment was 
inconclusive. It is quite true, that if the water had not 
escaped upon the change of figure of the globe, the 
compressibUUy of the liquid would have been established. 
The escape of the water does not, however, prove its 
M 
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incompresstbilUy. To accomplish this, it would be 
necessary first to •measure accurately the volume of 
water which transuded by compression, and next to meas- 
ure the diminution of volume which the vessel suffered 
by its change of figure. If this diminution were greater 
than the volume of water which escaped, it would follow 
that the water remaining in the globe had been com- 
pressed, notwithstanding the escape of the remainder. 
But this could never be accomplished with the delicacy 
and exactitude necessary in such an experiment ; and, 
consequently, as far as the question of the compressibility 
of water was concerned, nothing was proved. It forms, 
however, a very striking illustration of the porosity of 
so dense a substance as gold, and proves that its poreq 
are larger than the elementary particles of water, since 
they are capable of passing though them. 

(36.) It has since been proved, that water, and other- 
liquids, are compressible. In the year 1761, Canton 
communicated to the Royal Society the results of some 
experiments which proved this fact. He provided a 
glass tube with a bulb, such as that described in (28.), 
and filled the bulb and a part of the tube with the 
liquid well purified from air. He then placed this in an 
apparatus called a condenser, by which he was enabled 
to submit the surface of the liquid in the tube to very 
intense pressure of condensed air. He found that the 
level of the liquid in the tube fell in a very perceptible 
degree upon the application of the pressure. The same 
experiment established the fact, that liquids are dasHc ; 
for upon removing the pressure, the liquid rose to its 
original level, and therefore resumed its former dimen- 
sions. 

(37.) Elasticity does not always accompany compres- 
sibility. If lead or iron be submitted to the hammer 
it may be hardened and diminished in ita volume ; but 
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it will not resume its former volume after each stroke of 
the hammer. 

(38.) There are some bodiea which maintain the state 
-of density in which they are commonly foimd by the 
continual agency of mechanical pressure ; and such 
bodies are endued with a quality, in virtue of which 
they would enlarge their dimensions without limit, if 
the pressure which confines them were removed. Such 
bodies are called elastic fluids or gasea^ and always exist 
in the form of common air, in whose mechanicail proper- 
ties they participate. They are hence often called 
airiform fluids. 

Those who are provided with an air-pump can easily 
establish this property experimentally. Take a flaccid 
bladder, such as that already described in (27.), and 
place it under the glass receiver of an air-pump ; by this 
instrument we shall be able to remove the air which 
surrounds the bladder under the receiver, so as to relieve 
the small quantity of air which is inclosed in the bladder 
&om the pressure of the external air: when this is 
acomplished, the bladder will be observed to swell, as if 
it were inflated, and will be perfbWy distended. The 
air contained in it, therefore, has a tendency to dilate, 
which takes efiect when it ceases to be resisted by the 
pressure of surrounding air. . 

(39.) It has been stated that the increase or diminu- 
tion of temperature is accompanied by an increase or 
diminution of volume. Related to this, there is another 
phenomenon too remarkable to pass unnoticed, although 
this is not the proper place to dwell upon it : it is the 
converse of the former ; viz. that an increase or dimi- 
nution of bulk is accompanied by a diminution or 
increase of temperature. As the application of heat 
from some foreign source produces an increase oi 
dimensions, so if the dimensions be increased from any 
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other cause, a corresponding' portion of the heat which 
the hody had before the enlargement, will be absorbed in. 
the process, and the temperature will be thereby dimin- 
ished. In the same way, since the abstraction of heat 
causes a diminution of volume, so if that diminution be 
caused by any other means, the body will give out the 
heat which in the other case was abstracted, and win 
rise in its temperature. 

Numerous and well-known facts illustrate these ob- 
servations. A smith by hammering a piece of bar iron, 
and thereby compressing it, will render it red hot. 
When air is violently compressed, it becomes so hot as 
to ignite cotton and other substances. An ingenious 
instrument for producing a light for domestic uses has 
been constructed, consisting of a small cylinder, in 
which a solid piston moves air-tight ; a little tinder, or 
dry sponge, is ' attached to the bottom of the piston, 
which is then violently forced into the cylinder : the air 
between the bottom of the cylinder and the piston, 
becomes intensely compressed, and evolves so much 
heat as to light the tinder. 

In all the cases where fiiction or percussion produces 
heat or fire, it is because they are means of compres- 
sion. The effects of flints, of pieces of wood rubbed to- 
gether, the warmth produced by friction on the flesh, 
are all to be attributed to the same cause. 



CHAPTER III. 

INERTIA. 



(40.) The quality of matter which is of all others the 
most important in mechanical investigations, is that 
which has been called Inertia, 
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Matter is incapable of spontaneous change. This id 
one of the earliest and most universal results of human 
observation : it is equivalent to stating that mere mat- 
ter is deprived of life ; for spontaneous action is the on- 
ly test of the presence of the living principle. If we 
see a mass of matter undergo any change, we never 
seek for the cause of that change in the body itself; we 
look for some external cause producing it This ina- 
bility for voluntary change of state or qualities is a more 
general principle than inertia. At any given moment 
of time a body must be in one or other of two states, 
rest or motion. Inertia, or inadwih/, signifies the total 
absence of power to change thb state. A body endu- 
ed with inertia cannot of itself, and independent of all 
external influence, commence to niove firom a state of 
rest; neither can it when moving arrest its progress 
and become quiescent. 

(41.) The same property by which a body is unable 
"by any power of its own to pass from a state of rest to 
one of motion, or vice versa, also renders it incapable of 
increasing or diminishing any motion which it may have 
received from an external cause. If a body be moving 
in a certain direction at the rate of ten miles per hour, 
it cannot, by any energy of its own, change its rate of 
motion to eleven or nine miles an hour. This is a di- 
rect consequence of that manifestation of inertia which 
has just been explained. For the same power which 
would cause a body moving at ten miles an hour to in- 
crease its rate to eleven miles, would also cause the 
same body at rest to commence moving at the rate of one 
mile an hour ; and the same power which would cause a 
body moving at the rate of ten miles an hour to move at 
the rate of nine miles in the hour, would cause the same 
body moving at the rate of one mile an hour to become 
qtuescent. It therefore appears, that to increase or di- 
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ininish the motion of a body is an effect of the same kind 
ajs to change the state of rest into that of motion, or vice 
versd, 

(42.) The effects and phenomena which hourly fall 
under our observation afford unnumbered examples of 
t^e inability of lifeless matter to put itself into motion, 
or to increase any motion which may have been com- 
municated to it. But it does not happen that we have 
the same direct and frequent evidence of its inability to 
destroy or diminish any motion which it may have re- 
ceived. And hence it arises, that while no one will de- 
ny to matter the former effect of inertia, few will at first 
acknowledge the latter. Indeed, even so late as the 
time of Kepler, philosophers themselves held it as a 
maxim, that " matte? is more inclined to rest than to mo- 
tion ; " we ought! not, therefore, to be surprised if in the 
present day those who have not been conversant with 
physical science are slow to believe that a body once 
put in motion would continue for ever to move with the 
same velocity, if it were not stopped by some external 
pause. 

Reason, assisted by observation, will, however, soon 
dispel this illusion. Eixperience shows us in various 
ways, that the same causes which destroy motion in onq 
direction are capable of producing as much motion in 
the opposite direction. Thus, if a wheel, spinning on 
its axis with a certain velocity, be stopped by a hand 
seizing one of the spokes, the effort which accomplish-: 
es this is exactly the same as, had the wheel been pre-< 
viously at rest, would have put it in motion in the oppo-^ 
site direction with the same velocity, If a carriage 
drawn by horses be in motion, the same exertion of pow-^ 
er in the horses is necessary to stop it, as would be nec- 
essary to hack it, if it were at rest Now, if this be ad- 
pjitted as a general principle, it must be eyi4ent that'll 
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body which can destroy or diininiah its own motimi 
' must also be capable of putting itself into motion from a 
state of rest, or of increasing any motion which it has 
received. But this latter is contrary to all experience, 
and therefore we are compelled to admit that a body - 
cannot diminish or destroy any motion which it has re- 
ceived. 

Let us enquire why we axe more disposed to admit 
the inability of matter to produce than to destroy motion 
in itselfl We see most of those motions which take 
place around us on the surface of the earth subject to 
-gradual decay, and if not renewed from time to time, 
they at length cease. A stone rolled along the ground, 
a wheel revolving on its axis, the heaving of the deep 
after a storm, and all other motions^sproduced in bodies 
by external. causes, decay, when the exciting cause is 
suspended ; and if that cause do not renew its action, 
they ultimately cease. 

But is there no exciting cause, on the other hand, 
which thus gradually deprives those bodies of their mo- 
tion? — and if that cause were removed, or its intensity 
diminished, would not the motion continue, or be more 
slowly retarded? When a stone is rolled along the 
ground, the inequalities of its shape as well as those of 
the ground are impediments, which retard and soon de- 
stroy its motion. Render the stone round, and the ground 
level, and the motion will be considerably prolonged. 
But still small asperities will remain on the stone, and 
on the surface over which it rolls : substitute for it a 
ball of highly polished steel, moving on a highly polish- 
ed steel plane, truly level, and the motion will continue 
without sensible diminution for a very long period; 
but even here, and in every instance of motions produc- 
ed by art, minute asperities must exist on the surfaces 
which move in contact with each other, which must re- 
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sist, gradnally diminish, and ultimately destroy the mo- 
tion. 

Independently of the obstructions to the continuation 
of motion arising from friction, there is another impedi- 
ment to which all motions on the surface of the earth 
are liable — the resistance of the air. How much this 
may affect the continuation of motion appears by many 
familiar effects. On a calm day carry an open umbrel- 
la with its concave side presented in the direction in 
which- you are moving, and a powerful resistance will be 
opposed to your progress, which will increase with ev- 
ery increase of the speed with which you move. ^ 

We are not, however, without direct experience to 
prove, that motions when unresisted will for ever con- 
tinue. lA the heavens we find an apparatus, which fur- 
nishes a sublime verification of this principle. There, 
removed from all casual obstructions and resistances, 
the vast bodies of the universe roll on in their appoint- 
ed paths with unerring regularity, preserving without 
diminution all that motion which they received at 
their creation from the hand which launched them into 
space. This alone, unsupported by other reasons, would 
be sufi[icient to establish the quality of inertia ; but 
viewed in connection with other circumstances previ- 
ously mentioned, no doubt can remain that this is an 
universal law of nature. 

(43.) Organized bodies endued-with the living prin- 
ciple, seem to be the only exceptions to this law. But 
even in these their members and all their component 
parts, -separately considered, are inert, and are subject 
to the same laws as aU other forms of matter. The 
quality of animation, from which they derive the power 
of spontaneous action or voluntary motion, does not be- 
long to the parts, but to the whole, and not to the 
whole by any obvious or necessary connection, because 
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it is absent in sleep, and totally removed by death, even 
while the organization of every part remains to all 
appearance without derangement. Seeing, then, the 
whole visible material universe partaking in the common 
quality of inertia, unable to trace the conditions of life to 
any material phenomena, it is impossible not to conclude 
that the will of animated beings is the result of an 
immaterial principle, which, during the period of life, 
governs their organized bodies. In what this principle 
consists, what is its seat, or by what modes of action it 
moves the body, we are wholly unable to decide. But 
the same principle, analogy, which guides our investi- 
gations in every other part of physical science, ought to 
govern us in this ; and by that principle, the spon- 
taneous motion found in animated beings, but which in 
no instance is manifested by mere matter, musf^be 
attributed not to the matter which composes the bodily 
forms of these beings, but to something of altogether a 
different nature. 

Independently of this, which may be considered as 
the reasoning proper to physical science, philosophers 
have given another reason for assigning animation to an 
immaterial principle. The will, from the very nature 
of its acts, must belong to a simple, uncompounded, and 
indivisible being, and consequently can never be an at- 
tribute of a thing which in its essence is the very re- 
verse of this. 

(44) It has been proved, that an inability to change 
the qtumtUy of motion is a consequence of tTierHa. The 
inability to change the direction of motion is another 
consequence of this quality. The same cause which 
increases or diminishes motion, would also give motion 
to a body at rest ; and therefore we inferred that the 
same inability which prevents a body from moving itself, 
will als# prevent it from increasing or diminishing any 
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motion which it has received. In the same manner we 
can show, that any cause which changes the direction 
of motion would also give motion to a hody at rest ; and 
therefore if a body change the direction of its own mo- 
tion, the same body might move itself from a state of 
rest ; and therefore the power of changing the direc- 
tion of any motion which it may have received is incon- 
sistent with the quality of inertia, 

(45.) If a body, moving from A, fig. 3. to B, receive at 
B, a blow in the direction C B E, it will immediately 
change its direction to that of another line B D. The 
cause which produces this change of direction would 
have put the body in motion in the direction B E, had it 
been quiescent at B when it sustained the blow. 

(46.) Again, suppose 6 H to be a hard plane surface ; 
and'let the body be supposed to be perfectly inelastic. 
When it strikes the surface at B, it will commence to 
move along it in the direction B H. This change of 
direction is produced by the resistance of the surface. 
If the body, instead of meeting the surface in the direc- 
tion A B, had moved in the direction E B, perpendicu- 
lar to it, all motion would have been destroyed, and the 
body reduced to a state of rest. 

(47.) By the former example it appears that the de- 
flecting cause would have put a quiescent body in mo- 
tion, and by the latter it would have reduced a moving 
body to a state of rest. Hence the phenomenon of a 
change of direction is to be referred to the same class 
as the change from rest to motion, or from motion to 
rest. The quality of inertia is, therefore, inconsistent 
with any change in the direction of motion which does 
not arise from an external cause. 

(48.) From all that has been here stated, we may in- 
fer generally, that an inanimate parcel of matter is inr 
capable of changmg its state of rest or motion^ thai, in 



CttiLP. Ill* FAMILIAR UUiUSTBATIdlfl. 37 

wiiatever state it be, in that state it muat for ever pene* 
vere^ unless disturbed by some external cause ; ^at if it 
be in motion, that motion must always be untform^ or must 
proceed at the same rate, the equal spaces being moved 
oyer in the same time : any increase of its rate must be- 
tray some impelling cause ; any diminution must pro- 
ceed from an impeding cause, and neither of these caus- 
es ean exist in the body itself; that such motion must not 
only be constantly of the same uniform rate, but also 
must be always in the same direction, any deflection 
from its course necessarily arising from some external 
influence* 

The language sometimes used to explain the proper- 
ty of inertia in popular works, is eminently calculated 
to mislead the student. The terms resistance aad stub- 
bornness to move are faulty in this respect Inertia 
impHes absolute passiveness, a perfect indiflerence to 
rest or motion. It implies as strongly the absence of 
all reactance to the reception of motion, as it does the 
absence of all power to 'move itself. The term vis ttier- 
H(B, or force of macHvityy so frequently used even by 
authors pretending to scientific accuracy, is etill more 
reprehensiUe. It is a contradiction in terms ; the term 
inactivUy implying the absence of all fovce. 



(49.) Before we close this chapter^ it may be advan- 
tageous to point out some practical and fiuooiliar exam- 
ples of the general law of inertia. The student must, 
however, rteoUect, that the great object of science is 
generalization, -and that his mind is to be elevated to the 
contemplation of the laws of nature, and to receive a 
habit the very reverse of that which disposes us to en- 
joy tH descent from generak to particulars. Instances, 
taken ftom the oecurrences of ordmary He, may how- 
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ever, be useful in Terifjing the general law, and in im- 
pressing it upon the memory ; and for this reason, we 
shall occasionally in the present treatise refer to such 
examples ; always, however, keeping them in subservi- 
ence to the general principles of which they are mani- 
festations, and on which the attention of the student 
should be fixed. 

(50.) If a carriage, a horse, or a boat, moving with 
speed, be suddenly retarded or stopped, by any cause 
which does not at the same time affect passengers, ri- 
ders, or any loose bodies which are carried, they will 
be precipitated in the direction of the motion ; because, 
by reason of their inertia, they persevere in the motion 
which they shared in common with that which transport- 
ed them, and are not deprived of that motion by the 
same cause. 

(51.) If a passenger leap from a carriage in rapid 
motion, he will fall in the .direction in which the car- 
riage is moving at the moment his feet meet the ground ; 
because his body, on quitting the vehicle, retains, by its 
inertia, the motion which it had in common with it. 
When he reaches the ground, this motion is destroyed 
by the resistance of the ground ta the feet, but is re- 
tained in the upper and Heavier part of the body ;. so 
that the same effect is produced as if the feet had been 
tripped. 

(52.) Wh«n a' carriage is once put in motion with a 
-determinate speed on a level road, the only force necei^ 
sary to sustain the motion is that which is sufficient to 
overcome the friction of the road ; but at starting a 
greater expenditure of force is necessary, inasmuch as 
not only the friction is to be overcome, but the force 
with which the vehicle is intended to move must be 
communicated to it Hence we aee that horses Make a 
much greater exertiojai at .etrntting than «ub«eque]itly, 
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when the carriage is in motion ; and we may ako infer 
the inexpediency of attempting to start at full speed, 
especially with heavy carriages. 

(53.) Coursing owes all its interest to the instinctive 
consciousness of this nature of inertia which seems to 
govern the measures of the hare. The greyhound is a 
comparatively heavy hody moving at the same or greater 
speed in pursuit. The hare douUeSj that is, suddenly 
changes the direction of her course, and turns back at 
an oblique uigle with the direction in which she had 
been running. The greyhound, unable to resist the 
tendency of its body to persevere in the rapid motion it 
had acquired, is urged forward many yards before it is 
able to check its speed and return to the pursuit. 
Meanwiiile the hare is gaining ground in the other di- 
rection, so that the animals are at a very considerable 
distance asunder when the pursuit is recommenced. 
In this way a hare, though much less fleet than a grey- 
hound, wUl often escape it. 

In racing, the horses shoot far beyond the winning* 
post before their course can be arrested. 



CHAPTER IV. 



ACTION AND REACTION. 



{54.) The effects of inertia or inactivity, considered 
in the last chapter, are such as may be manifested by a 
single insulated body, without reference to, or connec- 
tion with any other body whatever. They might all be 
recognised if there were but one body existing in the 
universe. There are, however, other] important results 
of this law, to the developement of which two bodies 
at least are necessary. 
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(55.) If a mass A, j^. 4., movkig towards C, impuige 
upon an equal mass, which is quiescent at B, the two 
masses will move together towards C after the impact. 
But it will be observed, that their speed after the impact 
will be only half that of A before it Thus, after the 
impact, A loses half its velocity ; and B, which was b&- 
fore quiescent, receives exactly this amount of motion. 
It appears therefore, in this case, that B receives ezact« 
ly as much motion as A loses ; so that the real quanti-' 
ty of motion from B to G is the same as the quantity of 
motion from A to B. 

Now, suppose that B consisted of two masses, each 
equal to A, it would be found that in this case the yelo* 
city of the triple mass after impact would be one-third 
of the velocity from A to B. Thus, after impact, A 
loses two thirds of its velocity, and, B consisting' of 
two masses each equal to A, each of these two receives 
one-third of A's motion ; so that the whole motion re» 
ceived by B is two-thirds of the motion of A hefore im*> 
pact. By the impact, therefore, exactly as much motion 
is received by B as is lost by A. 

A similar result will be obtained, whatever proportion 
may subsist between the masses A and B. Suppose B 
to be ten times A ; then the whole motion of A must, 
after the impact, be distributed among the parts of the 
united masses of A and B : but these united masses are, 
in this case, eleven times the mass of A. Now, as 
they all move with a common motion, it follows that A's 
former motion must be equally distributed among them ; 
so that each part shall have an eleventh part of it 
Therefore the velocity after impact will be the elev- 
enth part of the velocity of A before it Thus A 
loses by the impact ten eleventh parts of its motion, 
which are precisely what B receives. 
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Agtun, if tbe maasee of A tad B b« 5 aod7,.tb9ii.tb« 
tuoited maa» after iinpaot will be 12. The motion of A 
before impact will be equally distributed between these 
twelve parts, so that each part will have a twelfth of it; 
but five of these parts belong to the mass A, and seven 
toB. Hence B will receive seven-twelfUu, while A 
retains five-twelfths. 

(56») In general, therefore, when a mass A in motion 
impinges on a mass B at rest, to find the motion of the 
united n^ass after impact, ^ divide the whole motion of 
A into as many equal parts as there are equal compo- 
nent masses in A and B together, and then B will re* 
ceive by the impact as many parts of this motion ag} it 
has equal component masses*" 

This is an immediate consequence of the properity of 
inertia, explained in the last chapter* If we were to 
suppose that by their mutual impact A. were to give to 
B eitiher more or less motion than that which it (A) loses, 
it would necessarily follow, that either A or B must 
have a power of producing or of resisting motioB, 
which would be inconsistent with the quality of inertia 
already defined. For if A give to B vun-e motion thag 
it loses, all the overjdus or excess must be excited in B 
by the action of A ; and, therefore,. A is not inactive, 
but is capable of exciting motion which it does not pos* 
sess. On the <»ther hand, B cannot receive from A teg$ 
motion than A loses, because then B must be admitted 
to have the power by its resistance of destroying all the 
deficiency ; a power essentiaJly active^ and inconsistent 
with the quality of inertia. 

(57.) If we contenqilate the effects of in^Mict, which 
^e have now described, as fajets ascertained by experi- 
ment (which they may be), we may take them as further 
^verification of the universality of the quality of inertia, 
fiut^ on the oUier hand, we may view them fts^ptenome- 
e2 
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na which may certainly be predicted from the. previous 
knowledge of that quality ; and this is one of many 
instances of the advantage which science possesses 
over knowledge merely practical. Having obtained by 
observation or experience a certain number of simple 
facts, and thence deduced the general qualities of bod- 
ies, we are enabled, by demonstrative reasoning, to dis- 
cover oiherfdcts which have never faUen under our ob- 
servation, or, if so, may have never excited attention* 
In this way philosophers have discovered certain small 
motions and slight changes which have taken place 
among the heavenly bodies, and have directed the at- 
tention of astronomical observers to them, instructing 
them with the greatest precision as to the exact moment 
of time and the point of the firmament to which they 
should direct the telescope, in order to witness the 
predicted event 

(58.) Smce by the quality of inertia a body can 
neither generate nor destroy motion, it follows that 
whetftwo bodies act upon each other in any way what- 
ever, the total quantity of motion in a given dkection, 
after the action takes place, must be the same as be- 
fore it, for otherwise some motion would be produced 
by the action of the bodies, which would contradict the 
principle that they are inert The word '< action " is 
here applied, perhaps improperly, but according to the 
usage of mechanical writers, to express a certain phe- 
nomenon or effect It is, therefore, not to be under- 
stood as implying any active principle in the bodies to 
which it is attributed. 

(59.) In the cases of collision^ of which we have spo- 
ken, one of the masses B was supposed to be quiescent 
before the impact We shall < now suppose it to be ' 
moving in the same direction as A, that is towards C, 
but with a less velocity, so that A shall overtake it, and 
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impiii^ tipon it. After the impact, the two manieB wifi 
move towards ,C with a common velocity, the amount of' 
which we now propose to determine. 

If the masses A and B be equal, then their motions 
or velocities added together must he the motion of the 
■united muss after impact, since no motion can either be 
<;reated or destroyed by that event. But as A and B 
move with a common motion, this sum must be equally 
distributed between them, and therefore each will move 
veith a velocity equal to half the sum of their velocities 
before the impact. Thus, if A have the velocity 7, and 
B have 5, the velocity of the united mass after impact is 
6> being the half of 12, the sum of 7 and 5. 

If A and B be not equal, suppose them divided into 
equal component parts, and let A consist of 8, and B of 
6, equal masses : let the velocity of A be 17, so that i^ie 
motion of each of the 8 parts being 17, the motion Of 
the whole wil) he 136. Tn the same manner, let the 
velocity of B be 10, tiie motion of each part being 10, 
the whole motion of the 6 parts wffl be 60. The sum 
of iiie two motions, therefore, towards C is 196; and 
since none of this cwi be lost by the impact, nor any 
motion added to it, this must also be the whole motion 
of the united masses after impact. Being equally dis- 
tributed among the 14 component parts of which these 
united masses consist, each part will have a fourteenth 
of the whole motion. Hence, 196 being divided by 14, 
we obtain the quotient 14, which is the velocity witii 
which the whole moves. 

{60.) In general, therefore, when two masses moving 
in the same direction impinge one upon the other, and 
after impact move together, their common velocity may 
be determined by the following rule: "Express the 
masses and velocities by numbers in the usual Way, and 
multiply the numbers expressing tihe mass^ by the 
c3 



44 THE X^XXXITTS 07 MSCOAVICS. CBAP. IT«^ 

numbers which express the velocities ; the two products 
thus obtained being added together, and their sum di- 
vided by the sum of the numbers expressing the maases, 
the quotient will be the number expressing the required 
velocity." 

(61.) From the preceding details, it appears that 
motion is not adequately estimated by speed or velocity. 
For examine, a certain mass A, moving at a determin- 
ate rate, has a certain quantity of motion. If another 
equal mass B be added to A,- and a similar velocity be 
given to it, as much more motion will evidently* be 
called into existence. In other words, the ttoo equal 
masses A and B united have twice as much motion as . 
the single mass A had when moving alone, and j^th 
the samye speed. The same reasoning will show that . 
thru equal masses wiU with the same speed have three 
times the motion of any one of thenu In general, there* 
fore, the velocity being the same, the quantity of mo- 
tion will always be increased or diminished in the same 
proportion as the mass moved is increased or diminished. 

(62.) On the other hand, the quantity of motion does 
not depend on the mass ontyj but also on the speed. If 
a ■ certaia determinate mass move with a certain deter- 
minate speed, another equal mass which moves with 
twice the speed, that is, which moves over twice the 
space in the same time, wUl have twice the quantity 
of motion. In this manner, the mass beiag the same, 
the quantity of motion will increase or diminish in the 
same proportion as the velocity. 

{63.) The true estimate, then, of the quantity of mo- 
tion is found by multiplying together the numbers 
which express the mass and the velocity. Thus, in the 
example which has been last given of the' impact of 
masses, the quantities of motion before a^d i^er im- 
pftc^ appear to be 94 follow ; 
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Before Impact. 
Mass of A 8 
Velocity of A 17 



^^a^r/AJ«xn'„m 



Mass of B 6 

Velocity of B 10 
Qtiaotity of 
motion of B 



6X10 or 60 



After Impact. 

Mass of A - 8 
Common velocity 14 

Quantity of 
motion of A 
Mass of B 



8 X 14 or 112 



6 



Common velocity 14 
Quantity of > 
motion of B 5 



6xl4;=84 



By this calculation it appears that in the impact A 
has lost a quantity of motion expressed by 24, and .that 
B has received exactly that amount. The effect, there- 
fore, of the impact is a transfer of motion from A to B ; 
but no new motion is produced in the direction A C 
which did not exist before. This is obviously consis- 
tent with the property of inertia, and indeed an inevita- 
ble result of it. 

(64.) This phenomenon is an example of a law de- 
duced from the property of inertia, and generally ex- 
pressed thus — " Action and reaction are equal, and in 
contrary directions." The student must, however, be 
cautious not to receive these terms in their ordinary 
acceptation. After the full explanation of inertia given 
in the last chapter, it is, perhaps, scarcely necessary 
here to repeat, that in the phenomena manifested by the 
motion of two bodies, there can be neither "action" 
nor " reaction," properly so called. The bodies are ab- 
solutely incapable either of action or resistance. The 
sense in which these words must be received, as used 
in the law^ is merely an expression of the transfer of a 
certain quantity of motion from one body to another, 
which is called an action in the body which loses the 
motion, and a reaction in the body which receives it. 

* The sifn X when placed hetween two nnmbem meaqK that they art 
to be mohiplied toge^mt. 
ei 
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The accession of motion to the latter is said to proceed 
from the tiction of the former ; and the loss of the same 
motion in the former is ascribed to the reaction of the 
latter. The whole phraseology is, however, most ob- 
jectionable and unphilosophical, and is calculated to 
create wrong notions. 

(65.) The bodies impinging were, in the last case, 
supposed to move in the same direction. We shall now 
consider the case in which they move in opposite diroc^ 
tlons. 

First, let the masses A and B be supposed to be 
equal, and moving in opposite directions, with the same 
velocity. Let C, fig, 5., be the point at which they 
meet. The equal motions in opposite directions will, in 
this case, destroy each other, and both masses will be 
reduced to a state of rest. Thus, the mass A loses all 
its motion in the direction A C, which it may be sup- 
posed to transfer to B at the moment of impact. But 
B, having previously had an equal quantity of motion m 
the direction B C, will now have two equal motions im- 
pressed upon it, in directions immediately opposite;; 
and, these motions neutralizing each other, the mass 
becomes quiescent In this case, therefore, as in all 
the former examples, each body transfers to the other 
all the motion which it loses, consistently with the 
principle of " action and reaction." 

The masses A and B being still supposed equal, let 
them move towards C with different velocities. Let 
A move with the velocity 10, and B with the velocity 
^. Of the 10 parts of motion with which A is endued, 
6 being transferred to B, wiU destroy the equal velocity 
C), which B has in the direction B C. The bodies will 
then move together in the direction C B, the four re- 
maining parts of A's motion being equally distributed 
between them. Each body will, therefore, have two 
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parts of A's original motion, a|id 2 therefore wfll be 
dieir common velocity after impact In this case, A 
loses 8 of the 104)arts of its motion in the direction A C- 
On the other hand, B loses the entire of its 6 parts oC 
motion in the direction B C, and receives 2 part? in the 
direction A C. This is equivalent to receiving 8 parts 
of A's motion in the direction A C. Thus according to 
the law of " action and reaction," B receives exactly 
what A loses. 

Finally, suppose that both the masses and velocities 
of A and B are unequal. Let the mass of A be 8, and 
its velocity 9 ; and let the mass of B be 6, and its veloc- 
ity .5. The quantity of motion of A will be 72, and that 
of B, in the opposite direction, will be 30. Of the 72 
parts of motion, which A has in the direction A C, 30 
being transferred to B, will destroy all its 30 parts of 
motion in the direction B C, and the two masses will 
move in the direction C B, with the remaining 42 parta 
of motion, which will be equally distributed among 
their 14 component masses. Each component part will, 
therefore, receive three part^i of motion ; aifd accord-^ 
ingly 3 will be the common velocity of the united masa 
after impact. 

(66.) When two masses moving in opposite directions 
impinge and move together, their common velocity after 
impact may be found by the following rule : — ** Multi- 
ply the numbers expressing the masses by those which 
express the velocities respectively, and subtract the 
lesser product from the greater ; divide the remainder 
by the sum of the numbers expressing the masses, and 
the quotient will be the common velocity ; the direction 
will be that of the mass which has the greater quantity 
of motion." 

It may be shown without difficulty, that the example 
which we have just given obeys the law of action kibA 
reactton." 
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Before Imp&et. 
Mass of A - - - -8 
VelocitgrofA * - 



Qnaotitj of motioD > « ^ 
indirecUon AC5^^^or^2 



Mass of B ... 6 

Velocity of B - - 5 



Quantity of motion 7 e^g ^, on 



After Impact. 

Mass of A - - - 8 
Common velocity « > 



QuaoHty of Motloo > f. ^ „ . 
iu direction AC 5^^^^^* 
Mass of B - - - 6 

Common velocity > 3 



^"act:rgl6x3.ri8 



Hence it appears that the quantity of motion in the di- 
rection A C of which A has been deprived by the im- 
pact is 48, the difference between 72 and 24. On the 
other handy B loses by the impact the quaiitity ^ in the. 
direction B 0^ which is equivalent to receivings 30 in the 
direction A C. But it also acquires a quantity 18 in the 
direction A C, which, added to the former 30, ^ves a 
total of 48 received by B in the direction A C. Thus 
the same quantity of motion wl^ch A loses in the direc- 
tion A C, is received by B in the same direction. The 
law of " action and reaction " is, therefore, fulfilled. 

(67.) The examples of the equality of action and reac- 
tion in the collision of bodies may be exhibited experi- 
mentally by a very simple apparatus. Let A, Jig, 6., and 
B be two balls of soft clay, or any other substance which 
is inelastic, or nearly so, and let these be suspended^from 
C by equal strings, so that they may be in contact ; and 
let a graduated arch, of which the centre is C, be plac- 
ed so. that the balls may oscillate over it One of the 
balls being moved from its place of rest along the arch, 
and allowed to descend upon the other through a cer- . 
tain number of degrees, will strike the other with a 
velocity corresponding to that number of degrees, and 
both balls will then move together with a velocity which 
may be estimated by the number of degrees of the arch 
through which they rise. 
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(68.) In all these cases in which we have explained 
the law of ^< action and reaction," the transfer of motion 
from one body to the other has been made by impact or 
collision. This phenomenon has been selected ooly 
because it is the most ordinary way in which bodies are 
seen to affect each other. The law is, however, uni- 
versal, and will be fiilfiiled in whatever manner the 
bodies may affect each other. Thus A may be con- 
nected with fi by a flexible string, which, at the com- 
mencement of A's motion, is slack. Until the string 
becomes stretched, that is, until A's distance from B 
becomes equal to the length of the string, A will con- 
tinue to have all the motion first impressed upon it. But 
when the string is stretched, a part of that motion is 
transferred to B, which is then drawn after A ; and 
^vhatever motion B in this way receives, A must lose. 
All that has been observed of the effect of motion trans- 
ferred by impact will be equally applicable in this case. 

Again, if B, fig. 4., be a magnet moving in the direc- 
tion tf C with a certain quantity of motion, and while it 
is so moving a mass of iron be placed at rest at A, the 
attraction of the magnet wiH draw the iron after it to- 
wards C, and will thus communicate to the iron a cer- 
tun quantity of motion in the direction of C. All the 
motion thus communicated to the iron A must be lost by 
the magnet B. ' 

If the magnet and the iron were both placed quies- 
cent at B and A, the attraction of the magnet would 
cause this iron to move from A towards B ; but the mag- 
net in this case not having any motion, cannot be liter- 
ally said to transfer a motion to the iron. At the mo- 
ment, however, when the iron begins to move from A 
towards B, the magnet will be observed to begin also to 
move from B towards A ; and if the velocities of the two 
bodies be expressed by numbers, and respectively mul- 
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tiplied by the numbeni expresfliiig their miflBes, the 
quantities of motion thus obtained will be found to be 
exactly equal. We have already explained why a quan* 
tity of motion received in the direction B A, is equiva* 
lent to the same quantity lost in the direction A & 
Hence it a^ea^ that the magnet in receiving as much 
motion in the directicai B A, as it gives in the ' direction 
A B, suffers aA efiect which is equivalent to losing as 
much motion directed towards C lui it has communica- 
ted to the iron in the same direction. 

In the same manner, if the body B had any pn^rty 
in virtue of which it might repd A, it would itself be re^ 
polled with the same quantity of motion. In a word, 
whatever be the manner in which the bodies may affect 
each other, whether by collision, traction, attraction, or 
repulsion, or by whatever other name the pheaM>meBon 
may be designated, still it is an inevitable consequence, 
that any motion, in a given direction, which one of the 
bodies may receive, must be accompanied by a loss of 
motion in the same direction, and to the same amount^ 
by the other body, or the acquisition of as much motion 
in the contrary direction ; or, finally, by a loss in tJie 
same direction, and an acquisition of motion in the con- 
trary direction, the coi)ibined amount of which is equal 
to the motion received by the former. 

(69.) From the principle, that the force of a body in 
motion depends on the mass and the velocity, it foUows, 
that any body, however small, may be made to move 
with the same force as any other body, however great, 
by giving to the smaller body a velocity which bears te 
that of tiie greater the same proportion as the mass of 
the greater bears to the mass of the smaller. Thus a 
feather,«ten thousand of which would have the same 
weight as a cannon-ball, would move with the same 
fbree if it had ten thonmnil times the v^b^ityi saA 



^ 
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in Bucii A ciftse, tkese two bodies eneoimtenng^ in oppo> 
site directioiis, woidid matoaHy destroy each other's mo- 
tion. 

(70.) The consequences of the property of inertia, 
which have been explained in the present and preced- 
ing chapters, have been given by Newton, in his Prin- 
cipiA, and, after him, in most English treatises on me- 
ehani<^8, under the Ibrm of three propositions, which «re 
caQed the ^ laws of motion.'* They are as follow : -^ 

I. 

" Every body must persevere in its, state of rest, or of 
uniform motion in a straight line, unless it be compel'* 
led to change that state by forces impressed upon lt«" 

IL 
<* Every change of motion must be proportional to the 
impressed force, and must be in the direction of thltt 
straight Hne in which the force is impressed.** 

in, 

^Action must always be equal and cotftrary to reac- 
tion ; or the actions of two bo^os upon eaeh other must 
bfl^eqaal, and directed towards eon^rary sides.** 

When inertia and force are defined, the firit law be- 
eomes an identical proposition. Tlio second law cannot be 
rendered perfectly intelligible unlO the student has read 
the chapter on the composition and* resoluti<Ht of ^rces; 
for, in £u:t, it is intended as an expi«ssion of the w^K^e 
body of results in that cht^ter. The third law has been 
explained in the present chapter as far. as it can be ren- 
dered intelligible in the present stage of our progress. 

We have noticed these formularies mote frmn a re- 
spect for the authorities by whioh they have been adopit- 
edy than fg<m any penmasiQii <^ theLp ntiUly. Theit 
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liitt knpart cannot be cooqveheoided until BeAdy the 
wJM>le of elementary mechanice has been ««quived, and 
then all each siimmaiies become useless. 



^71.) The censeqqences deduced from the eonsidefa- 
tion of the quality of inertia in this chapter, willacoount 
lor many effects which fall under our notice da^y, and 
with which we have become so familiar, that they have 
Almost ceased to excite curiosity. One of the facts of 
which we have most frequent practical illustration is, 
that the quantity of motion or moving forces as it is 
somefCimes called, is estimated by the velocity of the mo- 
tion, and the weight or mass of the thing moved, con- 
jointly. 

If the same force impel two balls, one of one pound 
w&ighXf and the other of two pounds, it follows, since 
the balls can neither give force to themselves nor resist 
that which*is impressed upon them, that they will move 
with the same force. But the lighter ball will move 
with twice the speed of the heavier. The impressed 
force which is maaifested by giving velocity to a double 
mass in the one, is engaged in giving a double veloc* 
ity to the otheh 

If a cannon-ball were forty times the weight of a 
musket-ball, but the musket-ball moved with forty times 
the velocity of the canon-ball, both would strike any 
obstacle with the same force, and would overcome the 
same resistance ; for the one would acquire from its ve- 
locity as much force as the other derives from its 
weight 

A very small velocity may be accompanied by enor* 
mous force, if the mass which is moved with that 
velocity be proportionally great A large ship floating 
oeajr the j^er wall, may approach it with so small a ve- 
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locity as to be scarcely perceptible, and yet tite force 
will be so great as 'to crush a small boat. 

A grain of shot flung from the hand, and striking the 
person, will occasion no pain, and indeed will scarcely 
be felt, while a block of stone having the same velocity 
would occasion death. ^ 

If a body in motion strike a body at rest, the striking 
body must sustain as great a shock from the collision as 
if it had been at rest, and struck by the other body with 
the same force. For the loss of force which it sustains 
in the one direction, is an effect of the same kind as if, 
being at rest, it had received as much force in the op- 
posite direction. If a man, walking rapidly or running, 
encounters another standing still, he suffers as much from 
the collision as the man against whom he strikes. 

If a leaden bullet be discharged against a plank of 
bard wood, it will be found that the round shape of the 
ball is destroyed, and that it has itself suffered a force 
by the impact, which is equivalent to the effect which it 
produces upon the plank. 

When two bodies moving in opposite directions meet, 
each body sustains as great a shock aS if, being at rest, 
it had been struck by the other body with the united 
forces of the two. Thus, if two equal balls, moving at 
the rate of ten feet in a second, meet, each will be 
struck with the same force as if, being at rest, the oth- 
er had moved against it at the rate of twenty feet in a 
second.. In this case one part of the shock sustained 
arises from the loss of force in one direction, and anoth- 
er from the reception of force in the opposite direction. 

For this reason, two persons walking in opposite di- 
rections receive from their encounter a more violent 
shock than might be expected. If they be of nearly 
equal weight, and one be walking at the rate of three 
Mid tbe. Other four miles aa hdai> esdiBiislwm th«MuiMB 



shook «f^ if he had been at rest, and atmck hy the other 
running at the rate of seven miles an hour. 

This principle accounts for the destruetive effects 
arising from, ships running foul of each other at sea* 
If two ships of 500 tons burden encounter eadi other, 
sailing at ten knots an hour, each sustains the shock 
which, being at rest, it would receive from a vessel of 
1000 tons burden sailing ten knots an hour. 

It is a mistake to suppose, that when a large and small 
body encounter, the small body suffers a greater shock 
than the large one* The shock which they sustain must 
be the same ; but the large body may be better able to 
bear it 

When the fist of a pugilist strikes the body of his an- 
tagonist, it sustains as great a shock as it gives ; but 
the<part being more fitted to endure the blow, the inju- 
ry and pain are inflicted on his opponent This is not 
the case, however, when fist meets fist. Then the parts 
in collision are equally sensitive and vulnerable, and the 
effect is aggravated by both having lypproached each oth- 
er with great force. The effect of the blow is the same 
as if one fist, being held at rest, were struck by the oth- 
er with the combined force of both« 



CHAPTER V. 

TJOE COatPOBITION 4JHJ) RESOLUTIOir 01* FO&CB. 

{7%) MOTION and pressure are terms too familiar to 
need ekplanatiom It may be observed, generally, that 
definitions in the first rudiments of a science aire seldom, 
if: evtrt MbpvehecNMU The fi»oe of woi^ Is leanod 
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by their application ; and it is not nntil a definition be- 
comes useless, that we are taught the meaning of the 
terms in which it is expressed. Moreover, we are per- 
haps justified in saying, that in the mathematical scien- 
ces the fundamental notions are of so uncompounded a 
character, that definitions, when developed and enlarg- 
ed upon, often draw us into metaphysical subtleties and 
distinctions, which, whatever be their merit or impor- 
tance, would be here altogether misplaced. We shall, 
therefore, at once take it for granted, that the words mO' 
Hon and pressure express phenomena or effects, which 
are the subjects of constant experience and hourly ob- 
servation ; and if the scientific use of these words be 
more precise than their general and popular application, 
that precision will soon be learned by their frequent use 
in the present treatise. 

(73.) Force is the name given in mechanics to what- 
ever produces motion or pressure. This word is also 
often used to express the motion or pressure itself; and 
when the cause of the motion or pressure is not known, 
this is the only correct use of the word. Thus, when a 
piece of iron moves toward a magnet, it is usual to say 
that the cause of the motion is " the attraction of the 
magnet" ; but in effect we are ignorant of the cause of 
this phenomenon; and the name aUractian would be 
better applied to the effect of which we have experi- 
ence. In like manner the attraction and repulsion of 
electrified bodies should be understood, not as names 
for unknown causes, but as words expressing observed 
appearances or effects. 

When a certain phraseology has, however, gotten in- 
to general use, it is neither easy nor convenient to su- 
persede it. , We shall, therefore, be compelled, in speak- 
ing of motion and pressure, to tui« the language of can- 
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aot eauaes whick will be expccssed. 

(74.) If two forces act apoa tlie same pomt of a body 
in different direetwnH) a nngle force may be assigned, 
which, acting on that point, wiQ prodace the same result 
as the united ^fects of the other two. 

Let P, Jig. 7., be the point on which the two forces 
act» and let their directi(»8 be P A andP B. From the 
point .P, upon the line P A, take a length P a, ccmsisting 
of as many inches as there are ounces in the force P A ; 
and, in like manner, take P 6, in the direction P B, coi^ 
sisting of as many inches as there are ounces in the 
Ibrce P E. ^ Through a draw a line parallel to P B» and 
through h draw a line parallel to P A, and suppose that 
these lines meet at c. Then draw PC. A single force, 
acting in the direction P C, and consisting of as many 
e«nces as the line P c consists of inches, will prodace 
upon the point P the same effect as the two forces P A 
sod PB produce acting together. 

(75.) The figure P a c 6 is called in geomstkt a par- 
aUd9gram; the lines P ff, P &, are called its ndesj and 
the Hne P c is called its diagtmoL Thus the method of 
finding aa eqiuvalent for two forces, which we have just 
explained, is generally called ^ the jparallelogram offer- 
ces)'' and is usnaUy expressed thus : '* If two forces be 
xepresented in ctuantity and ^direction by the sides of a 
psdrallelogram, an equivalent force will be represented 
in quantity and direction by its diagonaL" 

(76L) A single force, which is thus mechanically equiv- 
alent to two or more other forces, is called their cemtt- 
ant, and relatively to it they are called its comfNwenif . 
In any mechanical investigatum, when the residtant is 
used for the components) which it always may be^ the 
process, is called ** the composition of force." U m^ how- 
ever, frequently expedient to substitute 'ibr a single 



iknee two or more fmes, to wfaieh it is vMdMBKtMy 
equivalent, or of which it is l!ie resnhant. Thif proceM 
10 called *^ the retsnlutioii of foK^e.** 

(77.) To verify ezperimentally the theorem of the 
parallelogram of forces is not difficnlt Let two small 
^w^heels, M N, Jig. 8, with grooves in their edges to re- 
'Oeive a thread, be attached to an upright board, or to a 
^walL Let a thread be passed over them, having weights 
A and B, hooked upon lo<^s at its extremities. From 
Any part P of the thread between the wheeb let a 
weight C be suspended: it will draw the thread dows^ 
wards, so as to form an angle M P N, and the appara- 
tus will settle itself at rest in some determinate position* 
In this state it is evident that smce the weight C, act- 
ing in the direction P C, balances the weights A and B, 
acting in the directions P M and P N, these two fiwees 
mast he mechanically equivalent to a ibrce equal to the 
w^ght C, and acting itireotly iqiwards from P. The 
weight C is therelbre the qilantity of the resultant of 
the forces P M and P N ; and the direction of the re« 
sultant is that of a line ilrawn directly upwards from P. 

To ascertain how far this is consistent with the theo- 
rem of ** the parallelogxsm of forces," let a line P O be 
drawn upon the upright board to which the wheels are 
attached, from the point P upward, in the direction of 
the thread C P. Also, let lines be drawn upon the board 
immediately under the threads PM and PN. From 
the point P, on the line P O, take as many inches as 
there are ounces in the weight C. Let the part o^P O 
thus measured be P e, and from e draw ea parallel to 
P N, and c6 parallel to PM. If the sides Pa and Pfr 
of the parallelogram thus formed be measured, it will 
be found that P a will consist of as many inches as there 
are ounces in the weight A, and P fr of as many inches 
as there are ounces in the weight B. 
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In thifi iUiutration, ouneei and inchtshwe been used 
as the subdivisions of tDeight and length. It is scarcely 
necessary t6 state, that any other measures of these 
quantities would serve as well, only obsesving that the 
same denominations must be preserved in all parts of 
the same 'investigation. 

* (78.) Among the philosophical apparatus of the Uiu^ 
versity of London, is a very simple and convenient in- 
strument which I have constructed for the experimental 
illustration of this important theorem.. The wheels M N 
are attached to the tops of two tall stands, the heights 
of which may be varied at pleasure by an adjusting 
screw. A jointed parallelogram, A B C D, Jig, 9., is 
formed, whose sides are divided into inches, and the 
joints at A and B are moveable, so as to vary the lengths 
of the sides at pleasure. The joint C is fixed at the 
extremity of a ruler, also divided into inches, while the op- 
posite joint A is attached to a brass loop, which surrounds 
the diagonal ruler loosely, sp as to slide freely along it 
An adjusting screw is provided in this loop «o as to 
clamp it in any required position. 

In making the experiment, the sides A B and A D, C B 
and D are adjusted by the joints B and A to the same 
number of inches respectively as there are ounces in 
the weights A and B,Jig. 8. Then the diagonal A C is 
adjusted by the loop and screw at A, to as many inches 
as there are ounces in the weight C. This done, the 
point A is placed behind P,^g. 8., and the parallelogram 
is held upright, so that the diagonal A C shall be in the 
direction of the vertical thread P C. The sides A B 
and A D will then be found to take the direction of the 
threads P M and P N. By changing the weights and 
the lengths of the diagonal and sides of the parallelo- 
gram, the experiment may be easily varied at pleasure* 
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(79.) In the examples of the composition of forces 
which we have here giten, the effects of the forces axe 
the production of pressures, or, to speak more correctly, 
the theorem which we have illustrated, is ** the compo- 
sition of pressures." For the point P is supposed to he 
at rest, and to he drawn or pressed in the directions 
P M and P N. In the definition which has heen given 
of the word force, it is declared to include motions as 
well as pressures. In fact, if motion be resisted, the ef- 
fect is converted into pressure. The same cause acting 
upon a body, will either produce motion or pressure, ac- 
cording as the body is free or restrained. If the body 
be free, motion ensues ; if restrained, pressure, or both 
these effects together. It is therefore consistent with 
analogy to expect that the same theorems which regu- 
late pressures, will also be applicable to motions ; and 
we find accordingly almost exact correspondence. - 

(80.) If a body have a motion in the direction A B, 
and at the point P it receive another motion, such as 
would carry it in the direction P C,Jig. 10., were it pre- 
viously quiescent at P, it is required to determine the 
direction which the body will take, and the speed with 
which it will move, under these circumstances. 

Let the velocity with which the body is moving from 
A to B be such, that it would move through a certain 
space, suppose P N, in one second of' time, and let the 
velocity of the motion impressed upon it at P be such, 
that if it had no previous motion it would move from P 
to M in one second. From the point M draw a line 
parallel to P B, and from N draw a line parallel to P C, 
and suppose these lines to meet at some point, as O. 
Then draw the line P O. In consequence of the two 
motions, which are at the same time impressed upon the 
body at P, it will move in the straight line from P to O. 
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Thus the two motions, which are expressed in qoaa- 
tity and direction by tiie aides of a parallelogram, will, 
when given to the same body, produce a single motion, 
expressed in quantity and direction by its diagonal ; a 
theorem which is to motions exactly what the former 
was to pressures. 

There are various methods of illustrating experimen* 
tally the composition of motion. An ivory ball, being plac* 
ed upon a perfectly level square table, at one of the cor- 
ners, and receiving two equal impulses, in the directions 
of the sides of the table, will move along the diagonaL 
Apparatus for thi^ experiment differ from each other on- 
ly in the way of communicating the impulses to the ball, 

(81.) As two motions simultaneously communicated 
to a body are equivalent to a single motion in an inter- 
mediate direction, so also a single motion may be me- 
chanically replaced, by two motions in directions ex- 
pressed by the sides of any parallelogram, whose diago- 
nal representfs the single motion. This process is *t the 
resolution of motion,'* and gives considerable clearness 
and facility to many mechanical investigations. 

(82.) It is frequently necessary to express, the portion 
of a given force, which acts in some given direction dif- 
ferent from the immediate direction of the force itself. 
Thus, if a force act from A, Jig, 11., in the direction 
A C, we may require to estimate what part of that force 
acts in the direction A fi. If the force be a pressure, 
take as many inches A P from A, on the luxe A C, as 
there are ounces in the force, and from P draw P M 
pa*pendicnlar to A B; then the part of the force which 
acts along A B will be as many ounces as there are inch- 
es in AM. The &rce A B is mechanically equivalent 
to'two forces, expressed by the sides A M and A N of 
the parallelogram : but A N, being perpendicular to A B, 
can have no effect on a body at A, in the direction of A 69 



ani -therefore- the effeetnr& p«rt of < the fbreo A P • lathe 
^reotton A B is ezpre^ed by A M. 

(63i) Any niimher of forces acting on the same point of 
a body may be replaced by a single force, which is me- 
chanically eqoif?alent/to them, and which is, tl^erefore 
their resultant. This composition may be efibcted by 
the successive application of the parallelogram offerees. 
Let the several forces be called A, B, C, D, £, &c. 
Draw the parallelogram whose sides express the forces 
A andBj and let its diagonal be A^ The force ex- 
prressed by A' will be eqmvalent to A and B. Then 
draw the paraUelckgram whose sides- express the forces 
•A' and Q and let its diagonal be B^ This diagomJ 
^will express a force mechanically equivalent to A' and 
C Bat A' is mechanically equivalent to A andB, and 
therefbre-B' is mechanically equivaleiai to A, B, and C. 
Ne^ c<»astaructa parallelogram^ whose sides express <t^ 
forces B' and D, and let its diagonal be Qt, The force 
ex{»:e6sed by C will be mechanically equivalent to the 
ferces B' an4 I>; but the ferce B^ is equivalent to Ay B^ 
G, fljid therefprr C ia equivalent to A, B, C,.ai:^d D. By 
contmuing this process it is evident^ that a single force 
may be found; which will be equivalent te, and may be 
always substituted for, any number of forces which act 
:Upon the same point. 

If the fcHTces which act upon the poitit neutralize each 
other, so that no motion can ensue, they are said to be 
in equilibrium. 

( 84.) Examples of the composition of motion and pres- 
sure are continually presenting themselves. They oc- 
cur in almost every instance of motion or force which 
falls under our observation. The difficulty is to find an 
example which, strictly speaking, is a simple motion. 
d2 
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' When a bost is vowed acrow a riTor^ in whkh tiiere 
is a current, it will not move in the direction in widch it 
is impeUed by the oars. Neither wMl it take the direc 
tion of the stream, but will proceed exactly in that in 
termediate direction which is determined by the compo 
sition offeree. 

Let A, Jig, 13., be l^e place of ih% beat at starting ; 
and suppose that the oars are so worked as to impel the 
boat towards B with a force which would carry it to B 
in one hour, if there were no current in the river. But 
on the other hand, suppose the rapidity of the current is 
such, that without any exertion of the rowers the boat 
would float down the stream in one hour to C. From 
C draw O D parallel to A B, and draw the straight line 
A D diagonally. The combined eifeet of 'the oars and 
the current will be, that the boat will be carried along 
A B, aad will arrive at the opposite bank in one hour, 
at the point D. 

If the object be, therefore, to reach the point B, start- 
ing from A, the rowers must calculate, as nearly as 
possible, the velocity of the current They rimst imag- 
ine a certain point E at such a distance above B tiiat 
the boat would be floated by the stream from E to B in 
the time taken in crossing the river in the direction A E, 
if there were no current. If they row towards the point 
£, the boat will arrive at the point B, moving in the line 
AB. 

In this case the boat is impelled by two forces, that 
of the oars in the direction A E, and tJiat of the current 
in the direction A C. 'Hie result will be, according to 
the parallelogram of forces, a motion in the diagonal 
AB. 

The wind said tide acting upon a vessel is a case of a 
similar kind. Suppose that ^e "wrhA is made to impel 
the vessel in the direction of the keel ; while the tide 



HUiy be acting in any direction oblicpie to that of the 
keeL The course of the vessel ia determined exactly in 
the same mamijQr as that of the boat in the last exam- 
ple. 

The action of the oars themselves, in impelling the 
boat is an example of the composition of force. Let A^ 
fig^ la, be the head, and B the stem of the boat. The 
i)oatman presents his fiice towards B, and places the 
oars so that their blades press against the water in the 
iUreetioQs C £, DF. The resistance of the water pro- 
duces forces on the side of the boat, in the directions 
OL and H L, which, by the composition of force, are 
■equivalent to the diagonal force K L, in the direction 
«f the keeL 

Similar observations will apply to almost every body 
impelled by instruments projecting from its sides, and 
Acting against a fluid. The motions of fishes, the act of 
swimming, the flight of birds, are all instances of tho 
^sajae kind. 

(8&.) The action of wind upon the sails of a vessel, 
and the fbree thereby transmitted to the keel, modified 
by the rudder, lir«L problem which is solved by the prin- 
ciples of the compositiea and residution of force ; but it 
is of too complicated and difficult a iMiture to be intro- 
duced with all its necessary conditions and limitations 
in this place. The question may, however, be simplift. 
ed, if we consider the convass of the sails to be stretch- 
ed so completely as to fi»m a plane surface. Let A B, 
Jig, 14., be the position of the e^ and let the wind blow 
in the direction CD. If the line G D be takes to ex^ 
press the force of the wind, let D E C F be a paraHelo* 
gram, of which it is the diagonaL The force CD is 
equivalent to two ibcees, one in the direetios F D of the 
{lUme of the canvaes, and the other E D perpeadividar 
<»thesaJL The efteet^Oiflrtibre^istbeaBmecBifthere 
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were fuxk mnds^ one blowing in the direction of F D or 
B A, that is, against the edge of the sail, and the other, 
£ D, blowing full against its face. It is evident that the 
former will produce no effect whatever upon the sail, 
and that the latter will urge the vessel in the direction 
DQ. 

Let us now consider this force D G as acting in the 
diagonal of the parallelogram D H 6 1. It will be equi- 
valent to two forces, D H and D I, acting along the sides. 
One of these forces, DH, is in tile direction of 
the keel, and the other, D I, at right angles to the 
length of the vessel, so as to urge it sideways. The 
form of the vessel is evidently such as to offer a great 
resistance to the latter force, and very littie to the for- 
mer. It consequentiy proceeds with considerable ve- 
locity in the direction DH of its keel, and makes way 
very slowly in the sideward direction D I. The latter 
effect is called lee-way. 

From this explanation it will be easily understood^ 
how a wind which is nearly opposed to the course of a 
vessel may, nevertheless, be made to impel it by the ef-> 
feet of sails. The angle B D V, forme<l by the sail and 
the direction of the keel, may ^ very oblique, as may 
also be the angle C^ B formed by the direction of the 
wind and that of the sail. Therefore the angle C D V, 
made up of these two, and which is that formed by the 
direction of the wind and that of the keel, may be very 
oblique. In Jig, 15. the wind is nearly contrary to the 
direction of the keel, and yet there is an impelling force 
expressed by the line D H, the line C D exj^ressing, as 
before, the whole force of the wind. 

In this example there are two successive decomposi-< 
tions of force. First, the original force of the wind G I> 
ui resolved into two, E D and F D ; and next the element 
£ D, or its equal D G, is resolved into -D I and ]> H ; so 
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iJiat tiie origiBfll force ia resolved into tliree, viz« F D, 
DI, D H, which, taken together, aje mechanically equi- 
valent to it. The part F D is entirely ineffectual ; it 
glides off on the surface of the canvass without produc- 
ing any. effect upon the vessel. The part DI produces 
lee-iday, and the part D H impels. 

(86.) If the wind) however, be directly contrary to 
the course which it is required that the vessel should 
take, there is no position which can be given to the sails 
whK^h will impel the vessel. In this case the required 
course itself is resolved into two, in which the vessel 
sails alternately, a process which is called tacking. 
Thus, suppose the vessel is required to move from A to 
E,Jf^. 16., the wind setting from E to A. The motion 
A B being resolved into two, by being assumed as the di 
agonal of a parallelogram, the sides A a, aB of the paral- 
lelogram are successively sailed^over, and the vessel by 
this means arrives at B, instead of moving along the di- 
agonal A B. In the same manner she moves along B i, 
^ C, C c, c D, D (^ e^ E, and arrives at £. She thus sails 
continuaUy at a sufficient angle with the wind to obtain 
an impelling force, yet at a sufficiently fflnall angle to 
make way in her proposed course. 

The consideration of the effect of the rudder, which 
we have omitted in the preceding iUustra.tion, affords 
another instance of the resolution of force. We shall 
not, however, pursue this example further. 

(87.) A body falling from the top of the mast when 
the vessel is in full sail, is an example of the composi- 
tion of motion. It might be expected, that during the 
descent of the body, the vessel, having sailed forward, 
would leave it behind, and that, therefore, it would fall 
in the water behind the stem, or at least on the deck, 
considerably behind the mast. On the other hand, it is 
fotmd te All at the foot of the.maat, exactly as it would 
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ir the vessel were not in motion. To account for this, 
let A B, Jig, 17., be liie position of the mast when the 
body at the top is disengaged. The mast is moving on- 
wards with the vessel in the direction A C, so that in 
the time which the body would take to faU to the deck, 
the top of the mast would move from A to C. But the 
body being on the mast at the moment it is disengaged, 
has this motion A C in common with the mast ; and there- 
fore in its descent it is affected by two motions, viz. that 
of the vessel expressed by A C, and its descending mo- 
tion expressed by A B. Hence, by the composition of 
motion, it will be found at the opposite angle D of the 
parallelogram, at the end of the fall. During the fall, 
however, the mast has moved with the vesdel, and has 
advanced to C D, so that the body falls at the foot of 
t^e mast* 

(88.) An instance of the composition of motion, which 
is worthy of some attention, as it affc^ds a proof of the 
diurnal motion of the earth, is derived from observing 
the descent of a body from a very high tower. To ren- 
der the explanation of this more simple, we shall sup- 
pose the tower to be on the equator of the earth. . Let 
E P Q^ fig. 18., be a section of the earth through the 
equator, and let P T be the tower. Let us suppose 
that the earth moves on its axis in the direction £ P Q,. 
The foot P of the tower will, therefore, in one day 
move over the circle E P Q, while the top T moves 
over the greater circle T T' R. Hence it is evident, 
that the top of the tower moves with greater speed than 
the foot, and therefore in the same time moves through a 
greater space. Now suppose a body placed at the top ; 
it pai^ticipates in the motion which the top of the tower 
has in common with the earth. If it be disengaged, it 
also receives the descending motion T P. Let ub sup- 
pose that the body would take five seconds to &11 from 



T to P» and that in tbe stme tine the top T it melnNl 
by the rotation of the earth from T to T^ the foot being 
moved from P to P'. The falling body is therefore en- 
dued with two motions, on^ expressed by T T', and the 
other by T P. The combined effect of these will be 
found in the usual way by the parallelogram. Take £1 
equal to TT' ; the body will more from T to ji in the 
time of the iall, and will meet the ground at p. But 
since T T'is greater than P P', it follows that the point 
p must be at a distance from P' equal to the excess of 
T T' above P P'. Hence the body wiU not fall exactly 
at the foot of the tower, but at a certain distance from 
it, in the direction of the earth's motion, that is, east- 
ward. This is found, by experiment, to be aetually the 
case ; and the distance from the foot of the tower, at 
which the body is observed to faU, agrees with thai 
which is computed from the motion of the earth, to aa 
great a degree of exactness as could be expected from 
the nature of the experiment 

(89.) The properties of compounded motions cause 
some of the equestrian feats exhibited at public 8peot»- 
cles to be performed by a kind of exertion very difier-^ 
ent from that the spectators generally attribute to the 
performer. For example, the horseman standing on 
the saddle leaps over a garter extended over the horse 
at right angles to his motion ; the horse passing under 
the garter, the rider lights upon the saddle at the op- 
posite side. /The exertion of the performer, in this, 
case, is not that which he would use were he to leaf) 
from the ground over^a garter at the same height In 
the latter case, he would make an exertion to rise, and 
at the same time to project his body forward. In the 
case, however, of the horseman, he merely makes that 
exertion which i» necessary to rise direct^ up^afds to 
a sufficient height to clear the gatter. The motion 
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In the impact of a perfectly elastic body, the angle of 
reflection would be equal to the angle of incidence. For 
then the line D6, expressing the reflective force, 
would be taken equal to C D, and the angle C D H 
would be equal to C D £. This is found by expernoieiit 
to be the case when light is reflected from a polished 
surface of glass or metal. 

Motion is sometimes distinguished into absalvte and 
rdcAive. What '< relative motion " means is easily ex- 
plained.- If a man walk upon the deck of a ship from 
stem to stem, he has a relative motiim which is meas* 
ured by the space upon the deck over which he walks 
in a given time. But while he is tbos walking from 
stem to stem, the ship and its contents, including him- 
self, are impelled through the deep in the opposite di* 
rection. If it so happen that the motion of the man, 
from stem to stem, be exactly equal to the motion of the 
ship in the contrary way, the man will be, relatively to 
the surface of the sea and that of the earth, at rest. 
Thus, relatively to the ship, he is in motion, while, irel- 
atively to the surface of the earth, he is at rest Bat 
still this is not absolute rest. The sur^e itself is 
moving by the diurnal rotation of the earth upon its 
axis, as well as by the annual motion in its orbit round 
the sun. These motions, and others to which the earth 
is subject, must be all componded by the theorem of the 
parallelogram of forces before we can obtain the ahs<H 
luU staU of the body with respect to motion or rest* 
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CHAPTER VI. 

ATTRACTION. 

(92.) WiiATEYsii produces, or tends to produce, a 
change in the state of a particle or mass of matter with 
respect to mofti<»i or rest, is a force. Rest, or uniform 
rectilinear moticm, are therefore the onlj states in which 
any body can exist which is not subject to the present 
action of some force. We are not, howerer, entitled to 
conclude, tiiat because a body is observed in one or oth* 
er of these states, it is therefore uninfluenced by any 
£»ees. It may be under the inmiediate action of forces 
which neutralize each other : thus two forces may be 
acting upon it wiuefa arfe equal, and in opposite direc- 
tions. In such a case, its state of rest, or of uniform 
rectUiaear motion, will be undisturbed. The state of 
«m£)nB! reetSiBear molion declares more with respect 
to the body than the state of rest ; for the former be- 
trays the action of a force upon the body at some ante- 
cedent period; this action having' been suspended, 
while its effect continues to be observed in the motion 
which it has produced. 

(93.) When the state of a body is changed from rest 
to uniform rectilinear moti<m, the action of the force is 
only momentary, in which case it is called an impulse. 
If a body^in uniform reetiliiiear motion receive an »a- 
iplse in the direction in which it is moving, the efi^t 
will be, that it witU continue to move uxnformly in the 
same direction, but its velocity will be increased by the 
amount of speed which the impuke would have given 
it, had it been previouidly %mescent Thos^ if the fre- 
viou8<motiMb be at the rate ef ten feet in a secMWl, Hood 
the- ivfiilB^ be Meh> as would move k tan a MAe^f 
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rest at five feet in a second, the velocity, after the im- 
pulse, will be fifteen feet in a second. 

But if the impulse be received in a direction immedi- 
ately opposed to the previous motion, then it will dimin- 
ish the speed by that amount of velocity which it would 
give to the body had it be^n previously at rest. In the 
example already given, if the impulse were opposed to 
the previous motion, the velocity of the body after the 
impulse would be five feet in a second. If the impulse 
received in \he direction opposed to the motion be such 
as would give to the body at rest a velocity equal to 
that with which it is moving, then the effect will be, 
that after t^e impulse no motion will exist ; and if the 
impulse would give it a still greater velocity, the body 
will be moved in the opposite direction with an uniform 
velocity equal to the excess of that due to the impulse 
over that wliioh the body previously had. 

When a body in a state of uniform motion receives 
an impulse in a direction not coinciding with that of its 
motion, it will move uniformly after the impulse in an 
intermediate direction, which may be determined by 
the principles established for the composition of motion 
in the last chapter. 

Thus it appears, that whenever the state of a body is 
changed either from rest to uniform rectilinear motion 
or vice versd^ or from one state of uniform rectilinear 
motion to another, differing from that either in velocity 
or direction, or in both, the phenomenon is produced by 
that peculiar modification of force whose action contin- 
ues but for a single instant, and which has been called 
an impulae. 

(94.) In most cases, however, the mechanical state of 
a body is observed to be subject to a continual change 
or tendency to change. We are surrounded by innu- 
merable examples of this. A body is placed en the ta- 
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ble. A continaal pressure is excited on the surface of 
the table. This pressure is only the consequence of the 
continual tendency of the body to move downwards. If 
the body were excited by a force of the nature of an 
impulse, the effect upon the table would be instantane^ 
ous» BJ^d would inunediately cease. It would, in fact, be 
a bhw. But the continuation of the pressure proves 
the continuation of the action of the force. 

If the table be removed from beneath the body, the 
force which excites it being no longer resisted^ will pro- 
duce motion ; it is manifested, not as before, by a ten- 
denoy to produce motion, but by the actual exhibition of 
that phenomenon. Now if the exciting force were anj 
' impoke, the body would descend to the ground with aa| 
uniform veloci^. On the other hand, as will hereafter 
appear, every moment of its fall increases its speed,, and 
that speed is greatest at the instant it meets Uie ground* 

A piecp of iron pi(u:«d at a distance from a magnet 
i^plroaehes it, but not with an uniform velocity. The 
foroe of the magnet continues to act during the ap- 
proach of the iron, and each moment gives it increased 
motion* 

(95.) The forces which are thus in constant operation, 
proceed from secret agencies which the hnman mind 
Imus never been able to deteot. All the analogies of na- 
ture pnyve that they are not the immediate results of 
the divine will, but,. are secondary causes^ that is, ef- 
|ect0<^ some more remote psrinciples. To ascend to 
these ^ secondary causes, and thus as it were approach 
one step nearer to the Creator, is the great business of 
philosophy ; and the most certain means for accomplish- 
ing tins, \» diligently to observe, to compare, and to 
elftsa^ the f^eaooana, a|kd to avoid assuming the ex- 
istence of ^isa^ thia^whioh has not eithei beeo directly 
<ilraierved, or which cannot be inferred demonstratively 
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from natural phenomena. Philosophy should follow na- 
ture, and not lead her. 

While the law of inertia, established by obserwation 
and reason, declares the inability of matter, ^om any 
principle resident in it, to change its state, all the phe- 
nomena of the universe prove that state to be in con- 
Istant but regular fluctuation. There is not in exis- 
tence a single instance of the phenomenon of abeolote 
rest, or of motion which is absolutely uniform and recti' 
'linear. In bodies, or the parts of bodies, there is no 
known instance of simple passive juxtaposition unac- 
companied by pressure or tension, or some other " ten- 
} dency to motion." Innumerable secret powers are ever 
i at work, compensating, as it were, for inertia, and sup- 
I plying the material world with a substitute for the prin- 
i ciples of action and wiU, which give such immeasurable 
' superiority to the character of life. 

(96.) The forces which are thus in continual operation, 
whose existence is demonstrated by their observed e& 
fects, but whose nature, seat, and mode of operation are 
unknown to us,ajre called by the general name atiraeUons, 
These forces are classified according to the analogies 
which prevail among their effects, in the seune manner, 
and according to the same principles, as organized beings 
are grouped in natural history. In that department ei 
natural science, when individuals are distributed in 
classes, the object is merely to generalize, and thereby 
promote the enlargement of knowledge ; but nothing- is 
or ought to be thus assumed respecting the essence, or 
real internal constitution of the individuals. According 
to their external and observable characters and qualities 
they are classed ; and this classification should never 
be adduced .as an evidence of any tiling except that 
simUitude of qualities to which it owed its origfin. 
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Phenomena are to the natural philosopher what or- 
ganized beings are to the naturalist. He groups and 
classifies them on the same principles, and with a like 
object. And as the natusalist gives to each species a 
name applicable to the individual beings which exhibit 
corresponding qualities, so the philosopher gives to 
each force or attraction n name corresponding to the 
phenomena of which it is the cause. The naturalist is 
ignorant of the real essence or internal constitution of 
the thing which he nominates, and of the mannet in 
which it comes to possess or exhibit those qualities which 
form the basis of his classification ; and the natural phi- 
losopher is equally ignorant of the nature, seat, and 
mode of operation of the force which he assigns as the 
canse of an observed class of effects. 

These observations respecting the true import of the 
term " attraction " seem the more necessary to be pre- 
mised, because the general phraseology of physical sci- 
ence, taken as language is commonly received, will seem 
to convey^ something more. The names of the several 
attractions which we shall have to notice, frequently re- 
fer the seat of the cause to specific objects, and seem to 
imi^y something respecting its mode of operation. Thus, 
when we say " the magnet attracts a piece of iron, " the 
true philosophical import of the words is, "that a piece 
of iron, placed in the vicinity of the magnet, will move 
towards it, or placed in contact, will adhere to it, so that 
some force is necessary to separate them." In the or- 
dinary sense, however, something more than this simple 
fact is implied. It is insinuated that the magnet is the 
seat of the force which gives motion to the iron ; that 
in the production of the phenomenon, the magnet is an 
agent exerting a certain influence, of which the iron is 
the subject. Of all this, however, there is no proof; on 
the contrary, since the magnet must tnove towards the 
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iron with jast as much fbrce as the iron moves towtirds 
the magnety there is as much reason to place the seat 
of the force in the iron, and consider it as an agent af- 
fecting the magnet. Biit^n fact, the influence which 
produces this phenomenon may not he resident in eith- 
er the one hody or the other. It may be imagined to 
he a property of a mediunrin which both are placed, or 
to arise from some third body, the presence of which is 
not immediately observed. However attractive these 
and like speculations may be, they cannot be allowed a 
place in physical investigations, nor should consequen- 
ces drawn from such h5rpothe8es be allowed to taint our 
conclusions with their uncertainty. 

The student ought, therefore, to be aware, that what- 
ever may seem to be implied by the language used in 
this science in relation to attractions, nothing is permit- 
ted to form the basis of reasoning respecting them ex- 
/ cept <ftetr effects ; and whatever be the common signifi- 
cation of the terms used, it is to these effects, and to 
these alone, they should be referred/ * » 

(07.) Attractions may be primarily distributed into 
two classes; one consisting of those which exist be- 
tween the molecules or constituent parts of bodies, and 
the other between bodies themselves. The former are 
sometimes called, for distinction, molecular or atomic at- 
tractions. 

Without the agency of molecular forces, the whole 
fiice of nature would be deprived of variety and beauty ; 
the universe would be a confused heap of material at- 
oms dispersed through space, without form, shape, cohe- 
rence, or motion. Bodies would neither have the forms 
of solid, liquid, or air ; heat and light would no longer 
produce their wonted effects ; organized beings could 
not exist ; life itself, as connected with body, would be 
extinct Atoms of matter, whether distant or in joxta- 
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l>osition, would have no tendency tochoikge their plafe«0, , 
and all would be eternal stillness and rest. If, then, 
we are asked for a proof of the existence of molecular 
forces, we may point to the earth and to tiie heavens ; 
we may name every object which can be seen or felt 
The whole material world is one great result of the 
influence of these powerful agents. 

(98.) It has been proved (11. et seq.) that the constit- 
uent particles of foodies are of inconceivable minuteness, 
and that they are not in immediate contact (36)> but 
separated from each other by interstitial spaces, which, 
like the atoms themselves, although too small to be di- 
rectly observed, yet are incontestably proved to exist, 
by observable phenomena, from which their existence 
demonstratively follows. The resistance which every 
body opposes to compression, proves that a repulsive 
influence prevails between the particles, and that this 
repulsion is the cause which keeps the atoms separate, 
and maintains the interstitial space just mentioned. 
Although this repulsion is found to exist between the 
molecules of all substances whatever, yet it has diflferent 
degrees of energy in different bodies. This is proved 
by the fkct, that some substances admit of easy com- 
pression, whfle in others, the exertion of considerable 
force is necessary to produce the smallest diminution 
in bulk. 

The space around each atom of a body, through 
which this repulsive influence extends, is generally 
.limited, and immediately beyond it, a force of the opposite 
kind is manifested, viz. attraction. Thus in solid bod- 
ies, the particles resist separation as well as compres- 
sion, and the application of force is as necessary to bredk 
the body, or divide it into separate parts, as t<f force its 
particles Into closer aggregation. It is by virtue of this 
Jlttraction that solid bodies maintain theii: figUre, and 
e2 ^ 
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Water converted into vapor by heat, is divided into 
inconceivably minute particles, which ascend in the 
atmosphere. When it is there deprived of a part of 
that heat which gave it the vaporous form^ the particles, 
in virtue of their cohesive force, collect into round 
drops, in which form they descend to the earth. 

In the same manner, if a liquid be aUowed to fall 
gradually from the lip of a vessel, it will not be dis- 
missed in particles indefinitely small, as if its mass were 
incoherent, like sand or powder, but will fidl in drops of 
considerable magnitude. In proportion as the cohesive 
fierce is greater, these drops aflFect a greater size* 
Thus, <h1 and viscid liquids fall in large drops ; ether, 
alcohol, and others in small ones. 

Two drops of rain trickling down a window pane 
will coalesce when they approach each other ; and the 
same phenomenon is still more remarkable, if a few 
drops of quicksilver be scattered on an horizontal plate 
of glass. 

It is the cohesive principle which gives rotundity to 
grains of shot : the liquid, metal is allowed to fiUl like 
rain from a great elevation. In its descent the drops 
become truly globular, and before they reach the end of 
their fall they are hardened by cooling, so that they re- 
tain their shape. 

It is also, probably, to the cohesive attraction that we 
should assign the globular forms of all the great bodies 
of the imiverse ; the sun, planets, satellites, &e., which 
originally may have been in the liquid state. 

(100.) Molecular attraction is also exhibited between 
the particles of liquids and solids. A drop of water will 
not descend freely when it is in contact with a perpen-^ 
dicular glass plane : it will adhere to the glass ; its de- 
scent will be retarded ; and if its weight be insufficient 
to overcome the adhesive force, it will r^nuuu em-^ 
pended. 
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if a plite of glass be placed upon the rarftee of water 
without being permitted to sink, it will require more 
force to raise k fnnn the water than is sufficient merely 
tobilaBce the weight of the glass. This shows the 
adhesion of the water and glass, and also the cohesive 
fovoe with which the partrcles Of the water resist sepa- 
mlion; 

If a nee^e- be dipped in certain liquids, a drop will 
xemian suspended at its point when withdrawn from 
iLkemi and, in general, when a s(^id body has been im- 
jsersed in a liquid and withdrawn, it is wet; that is, 
some of the liquid has adhered to its surfaces. If no 
tiietraction existed between the solid and liquid, the solid 
would be in* the same state after immersion as before. 
'This is proved by liquids and solids between which no 
attraction exists. If a piece of glass be immersed in 
mercury, it will be in the same state when withdrawn 
OB before it was immersed. No mercury will adhere to 
it ; it will not be wd. 

When it rains, the person and vesture are affected 
xniiy because this attraction exists between them and 
water. If it rained mercury, none would adhere to 
them. 

(101.) When molecular attraction is exhibited by 
liquids pervading the interstices of porous bodies, as- 
cending in crevices or in the bores of small tubes, it is 
called capiUary tOtracHon, Instances of this are innu- 
merable. Liquids are thus drawn into the pores of 
sponge, sugar, lamp-wick, &c. The animal and vege- 
table kingdom furnish numerous examples of this class 
of eflbcts. 

A weight being suspended by a dry rope, will be 

drawn upwards through a considerable height, if the 

rope be moistened with a wet sponge. The attraction 

of the particles c(»nposihg the rope for the water is in 

e4 
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this case so powerful^ that the tension prodaoed by sev- 
eral hundred weight cannot expel them. 

A glass tube, of small bore, being dipped in water 
tinged by mixture with a little ink, will retain a quan- 
tity of the liquid suspended when withdrawn. The 
height of the liquid in the tube will be seen by looking 
through it It is found that the less the bore of the 
tube is, the greater wiU be the height of the colunm 
sustained. A series of such tubes fixed in the same 
frame,' with their lower orifices at the same level, and 
with bores gradually decreasing, being dipped in the 
liquid, will exhibit cdumns gradually increasing. 

A capiUcay syphon is formed of a hank of cetton 
threads, one end of which is immersed in the vessel 
containing the liquid, and the other is carried into the 
vessel into which the liquid is to be transferred. The 
liquid may be thus . drawn from the one vessel into the 
other. The same effect may be produced by a glass 
syphon with a small bore. 

' (102.) It frequently happens that amoJecuZar repuZMon 
is exhibited between a solid and a liquid. If a piece of 
wood be immersed in quicksilver, the liquid will be de- 
pressed at that part of the surface which is near the 
wood ; and in like manner, if it be contained in a glass 
vessel, it will be depressed at the edges. In a barome- 
ter tube, the surface of the mercury is convex, owing 
partly to the repulsion between the glass and mercury. 

All solids, however, do not repel mercury. If any 
golden trinket be dipped in that liquid, or even be ex- 
posed for a moment to contact with it, the gold will be 
instantly intermingled with particles of quicksilver, the 
metal changes its colour, and becomes white like silver, 
and the mercury can only be extricated by a difficult 
process. Chains, seals, rings, &c. should always be 
laid aside by those engaged in experiments or other 
processes in which mercury is used. 
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(103.) Of aU the fonns under which molecttlur force 
is exhibited, that in which it takes the name of canity 
is attended with the most conspicaous effects. Affinity 
is in chemistry what inertia is in mechanics^ the basis 
of the science. The present treatise is not the prop- 
er place for any detailed account of this important class 
of natural phenomena. Those who seek such knowl- 
edge are referred to our treatise on Csemistrt. 
Sixice, however, affinity sometimes influences the me- 
' chanical state of bodies, and affects their mechanical 
properties, it will be necessary here to state so much 
respecting it as to render intelligible those references 
which we may have occasion to make to such effects. 

When the particles of different bodies are brought 
into close contact, and more especially when, being in 
a fluid state, they are mixed together, their union is fire- 
. quently observed to produce a compound body, diffisring 
in its qualities from either of the component bodies* 
Thus the bdk of the compound is. often greater or less 
than the united volumes of the component bodies. The 
^^omponent bodies may be of the ordinary temperature 
of the atmosphere, and yet the compound may be of a 
much higher or lower temperature. The components 
may be liquid, and the compound soUd. The color of 
the compound may bear no resemblance whatever to 
that of the components. The species of molecular 
action between the components, which produce these 
imd similar effects, is called affinity* 

(104.) We shaU limit ourselves here to the statement 
of a few examples of tliese phenomena. 

If a pint of water and a pint of sulphuric acid be 
mixed, the compound will be considerably less than a 
quart The density of the mixture is, therefore, great- 
er than that which would result from the mere difiusion 
of the particles of the one fluid through those of the 
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other. The portioles have assumed a greater proziiiiify, 
. and therefore exhibit a matiial attraction. 

In this experiment, although the liquids before being* 
mixed be of the temperature of the surrounding air, the 
mixture will be so intensely hot, that the vessel which 
contains it cannot be touched without pain. 

If the two aeriform fluids, called oxygen and hydro- 
gen, be mixed together in a certain proportion, the 
compound will be water. In this case, the components 
are different from the compound, not merely in the <me 
being otr and the other liquid^ but in other respects not 
less striking. The compound water extingruishes fire, 
aud yet of the components, hydrogen is one of the 
most inflammable substances in nature, and the pres- 
ence (If oxygen is indispensably necessary to sustain the 
j^enomenon of combustion. 

Oxygen gas, united with quicksihrer, prodiices a com- 
pound of a black color, the quicksilver being white and 
the gas colorless* When these substances are com- 
bined in another proportion, they give a red compound. 

(105.) Having noticed the principal molecular forces, 
we shall now proceed to the consideration of those at- 
tractions which are exhibited between bodies existing 
in masses. The influence of molecular attractions is 
limited to insensible distances. On the contrary, the 
forces which are now to be noticed act at considerable 
distances, and to the influence of seme there is no 
limit, the effect, however, decreasing as the distance 
increases. 

The effect of the loadstone on iron is well known, and 
is one of this class of forces. For a detailed account 
of this force, and the various phenomena of which it is 
the cause, the reader is referred to our treatise on 
Maonstisx. 
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When glass, wax, amber, and other substances «re 
submitted to friction with silken or woollen cloth, they 
are observed to attract feathers, and other light bodies 
placed near them. A like effect is produced in several 
other ways, and is attended with other phenomena, the 
discussion of which forms a principal part of physical 
science. The force thus exhibited is called electricity. 
For details respecting it, and for its connection with 
magnetism, the reader is referred to our treatises on 

E2LECT&ICITT and Ej^ECT&O-MAeirETISM. 

(J 06.) These attractions exist either between bodies 
of particular kinds, or are developed by reducing the 
bodies which manifest them to a certain state by fric- 
tion, or some other means. There is, however, an at- 
traction, which is manifested between bodies of all spe« 
cies, and under all circumstances whatever ; an attrac- 
tion, the intensity of which is wholly independent of 
the nature of the bodies, and only depends on their 
masses and mutual distances. Thus, if a ma3s of metal 
and a mass of clay be placed in the vast abyss of space, 
at a mile asunder, they will instantly comfnence.to ap- 
proach each other with certain velocities. Again, if a 
mass of stone and of wood respectively equal to the 
former, be placed at a like distance, they will also com- 
mence to approach each other with the same velocities 
as the former. This universal attraction, which only 
depends on the quantity of the masses and their mutual 
distances, is called the " attraction of gravitation." We 
shall first explain the "law" of this attraction, and 
shall then point out some of the principal phenomena 
by which its existence and its law are known. 

(107.) The "law of gravitatipn," sometimes from 
its universality called the " law of nature," may be ex^ 
plained as follows : 
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Let xu suppose two masses, A and fi, in pure space, 
beyond the influence or attraction of any other bodies, 
and placed in a state of rest, at any proposed distance 
ftom each other. By their mutual attraction they will 
approach each other, but not with the same velocity. 
The velocity of A will be greater than that of B, in the 
same proportion as its mass is less than that of B. 
Thus, if the mass of fi be twice that of A, while A 
approaches B through a space of two feet, B will ap- 
proach A through a space of one foot. Hence it fol- 
lows, that the force with which A moves towards B is 
equal to the force with which B moves towards A {68). 
This is only a consequence of the property of inertia, 
and is an example of the equality of action and reaction, 
as explained in Chapter IV. The velocity with which 
A and B approach each other is estimated by the dimi- 
nution of their distance, A B, by their mutual approach 
in a given time. Thus, if in one second A move to- 
wards B through a space of two feet, and in the same 
time B move towards A through the space of one foot, 
they win approach each other through a space of three 
feet in a second, which will be their relative velocity 
<91). 

If the mass of B be doubled, it will attract A with 
double the former force, or, what is the same, will 
cause A to approach B with double the former velocity. 
If the mass of B be trebled, it will attract A with treble 
the first force, and, in general, while the distance A B 
remains the same, the attractive force of B upon A will 
increase or diminish in exactiy the same proportion as 
the mass of B is increased or diminished. 

In the same manner, if the mass A be doubled, it will 
be attracted by B with a double force, because B exerts 
the same degree of attraction on every part of the mass 
A, and any addition which it may receive will not di- 
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moimih or otherwise sflfeet the inftnenoe of B on iti for- 
mer mass. 

Thus it is a goiend law of gravitatioii, that so long 
as the distance between two foodies remains the same^ 
each will attract and be attracted by the other, in pro* 
portion to its mass; and any increase or decrease of 
the mass will cause a corresponding increase or de- 
crease in iJie amount of tiie attraction. 

(108.) We shall now explain the law, according to 
which the attraction is changed, by changing the dis- 
tance between the bodies; At the distance of one 
mile the body B attmcts A with a certain force. At the 
distance of two miles, the masses not being changed, 
the attmeticm of B upon A will be one-fourth of its 
amount at the distance of one mile. At the distance of 
three miles, it will be one-ninth of its ortginal amount ; 
«t fixir miles^ it is reduced to a sixteenth, and so on* 
The following table exhibits the diminution of the at- 
tractioa corresponditig to the successive increase of 
distance: 



Distance 


|i|S| 


3 4| 


5 6 " 


u 


"81 


&c, 


Attraction 


1 J li 1 


1 tVI 


,v ^ 


.VI 


Al 


&c. 



In ARITHMETIC, that number which is found by mul- 
tiplying any proposed number by itself, is called its 
square. Thus 4, that is, Q multiplied by 2, is the square 
of 2; 9, that is, 3 times 3, is the square of 3, and so on. 
On inspecting the above table, it will be apparent, 
therefore, that the attraction of gravitation decreases in 
the same proportion as the square of the distance from 
the attracting body increases, the mass of both bodies 
in this case being supposed to remain the same ; but 
'if the mass of either be increased or diminished, the 
attraction will be increased or diminished in the same 
proportion. 



(109.) Hence the law of naiwrt may 1»e thus express- 
I ed ; " The mutual attraction of two bodies increases in 
I the same proportion as their masses are increased, and 
I as the square of their distance is decreased ; and it de- 
i creases in proportion as their masses are decreased, 
and as the square of their distance is increased." 

<(110.) Having explained the law of gravitation, -we 
shall now proceed to show how the existence of this 
ferce is proved, and its law discovered. 

The earth is known to be a globular mass of matter, 
incomparably greater than any of the detached bodies 
which are found upon its surface. If one of these bod- 
ies suspended at any proposed height above the surface 
of the earth be disengaged, it will be observed to de- 
scend perpendicularly to the earth, that is, in the direc- 
tion of the earth's centre. The force with which it de- 
scends will also be found to be in proportion to the mass, 
VTithout any regard to the species of the body. These 
circumstances are consistent with the account which w^e 
have given of gravitation. But by that account '^e 
should expect, that as the falling body is attracted with 
a certain force towards the earth, the earth itself should 
be attracted towards it by the same force ; and instead 
of the falling body moving towards the earth, which is 
the phenomenon observed, the earth and it should move 
towards each other, and meet at some intermediate 
point. This in fact, is the case, although it is impossi- 
ble to render the motion of the earth observable, for 
reasons which will easily be understood. 

Since all the bodies around us participate in this mo- 
tion, it would not be directly observable, even though 
its quantity were sufficiently great to be perceived un- 
der other circumstances. But setting aside this con- 
sideration, the space through which the earth moves in 
such a case is too minute to be the subject of sensible 



observalioiL It has be^i stated (107),«that when two 
bodies attract each other, the space through which the 
grreater approaches the lesser, bears to that through 
-^vhich the lesser approaches the greater, the same pro- 
pOTtioa as the mass of the leaser bears to the mass of 
tlie greater. Now the* mass of the earth is more than 
100D,000>000,000,000 times the mass of any body which 
is. observed to fidl on its surface ; and therefore if even 
the largest body which can come under observation 
were to fall through an height of 500 feet, the corre- 
sponding motion of the earth would be through a space 
less thui t^e 1000,000,0p0,000,000th part of 500 feet, 
which is less than the 106,00O,O0O,0Q0th part of an inch. 
The attraction between the earth and detached bod- 
ies on its surface is not only exhibited by the descent 
of these bodies when unsupported, hut by their pres- 
sure when supported. Thk pressure is what is called 
ipeigJU, The phenomena of weight, and the descent of 
heavy bodies, will be fully investigated in the next 
chapter. 

(111.) It ia not alone by the direct fall of bodies, that 
the gravitation of the earth is manifested. The curvi- 
linear motion of bodies projected in directions differ- 
ent from the perpendicular, is a combination of the ef- 
fects of the imiform velocity which has been given to 
the projectile by the impulse which it has received, and 
the accelerated velocity which it receives from the 
earth's attraction. Suppose a body placed at any point 
P, Jig. 21., above the surface of the earth, an,d let P C 
be the direction of the earth's centre. If the body 
were allowed to move without receiving any impulse, 
it would descend to the earth in the direction P A, 
with an accelerated motion. But suppose that at the 
'mament of its departure from P, it receives aa impulse 
tuilto dh:e(^«a F3y whicb would Mirry H to B tin ti^ 
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linue tiia hoif would fiUlfrwiP to A^ then, kf thai 
position of iiioti(Hi, the body iwuat at the «ad of. thst 
timo ho found in the line B D, pAraUel to P A. If the 
motion in th6 direction of P A were uni&tnkv the bodgr 
P would ib this ease move in the stva^ht line £r<HP»P 
to D. But Idiifii is not Ibe eai8e4 The velocity' of tke 
body in the directicm P A is at fint m> moaik w topi&- 
duce yety little deflection of its motion from the line 
P B« As the Telocity^ however, increases, thi; deflec- 
tion increases, so that it moves firom P to D in a cmrve, 
which isr convex towards P B* 

The greater the velocity of the projeotile in the di- 
jrectiom P B, the greater sweep the curve will ta^e. 
Thus it will sucoessively take the forms P P, P £, P F, 
A'C, and that velocity can be computed, which (si^;t4»g 
aside the resistance of the air) would oause the {wqiea- 
tile to go completely round the earth, and retura to the 
point P from Which it departed. In this case, the body 
P would continue to f evolve round the earth like. the 
moon. Hence it is obvious, that the phenomenon ef 
the revdiition of the moon round th(S earth, is w^-l^yng 
more than the combined effeots of the eaxth's attnction, 
and the impulse which it received whan humdied into 
space by the hand of its Creator. 

(112«) This is a great step in the analysis of the 
phenomenon of gravitation. We have thus re^bueed to 
the same class two effiMsts appav^nkly very diwamilMr 
the rectiliiliear descent of a bswyy body, and the naaily 
^ircalar revohition of the moos round the earth, 
lience we are conducted to a generabzatieu still mece 
eztenave* 

As the moon*s revolution round the earth, in an orbit 
nearly einici^r, is caused by the eombination of tlK 
earth'tf attraction and aA orifiiial pvojeotiis impair m 
alio <t]ie «4niaar phenomena of tiis^ plaoeiK' revoiniiQii 
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round the mm in oibits nearly circular, must be consid* 
ered an effect of the same class, as well as the revolu- 
tion of the satellites of those planets which are attend- 
ed by such bodies. Although the orbits in which the 
ccnnets move deviate very much from circles, yet this 
does not hinder the application of the sam^principle to 
them, their deviation from circles not depending on the 
sun's attraction, but only on the direction and force of 
the original impulse which put them in motion. 

(113.) We therefore conclude that gravitation is the 
principle which, as it were, animates the universe. All 
the great changes and revolutions <^'the bodies which 
compose our system,, can be traced to or derived from 
this inrinciple. It still remains to show how that remarka* 
ble law, by which this force is declared to increase or de- 
crease in the same proportion as the square of the dis- 
tance from the attracting body is decreased or increased, 
may be veriied and established. 

It has been shown, that the curvilinear path of a pro- 
jectile depends on, and can be derived, by mathemati- 
cal reasoning, from ^ consideration of the intensity of 
the earth's attraction, and tiie force of the original im- 
pulse, or the velocity of projection. In the same man- 
ner, i^'a reverse '^process, when we know the curve in 
which a projectile moves, we can infer the amount of 
the attracting force which gives the curvature to its 
path. In tiiig way, from our knowledge of the curva- 
ture of the moon's orbit, and the velocity with which 
0he moves, tiie intensity of the attraction which the 
earth exerts upon her can be exactly ascertained. 
Upon comparing this with the force of gravitation at 
the earth's surface, it is foimd that the latter is as many 
times greater than the former, as the square of the 
ttioon's distance is greater than the square of the dii- 
/ 
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ta&ce of a body on the sui^Mse of the earth ftQim ks 
centre. ■* 

- (114.) If this were the only fkct which eould be 
brought to establish the law of nature, it might be 
thought to be an accidental relation, not necessarily 
characterizmg the attraction of. gravitatifcm. Upoa 
examining' tne orbits and velocities of the several plac- 
ets, the same result is, however, obtained. It is found 
that the forces with which they are severally attracted 
by the sun are great, in exactly the same proportion as 
the squares of the several numbers expressing their 
distances are small. The mutual gravitation of bodies 
on the surface of the earth towards each other is lost in 
the predpminating force exerted by the earth upon.aU 
of them. Nevertheless, in some cases, this effect has 
not only been observed, but actually measured. 

A plumb-line, under ordinary circumstances, hangs 
in a direction truly vertical ; but if it be near a large 
mass of matter, as a mountain, it has been observed to 
be deflected from the true vertical, towards the mounr 
tain. This e£feet was observed by Dr. Maskeline near 
the mountain called Skehallien, in Scotland, and by 
French astronomers near Ghimbora^ For particulars 
of these observations, see our treatise on^Gsoojesr. 

Cavendish succeeded in exhibiting the effects of the 
mutual gravitation of metallic i^heresw Two globes o£ 
lead A, B, each about a foot in diameter, were placed at 
a certain distance asunder. A light rod, to the ends of 
which were attached small metallic baUs C, D, was 
suspended at its centre E from a fine wire, and the rod 
was placed as in fig. 22., so that the attractions of each 
of the leaden globes had a tendency to turn the rod 
round the centre E in the same direction. A manifi^ 
effect was produced upon the balls C, D, by the gravita- 
tion of the spheres. In this experiment, care must be 



tftken tiiat no ma^etie substance is intermixed with the 
materials of the balls. 

Haying so far stated the principles on which the law 
of gravitation is established, we shall dismiss this sub- 
ject without further details, since it more properly be- 
longs to the subject of Phtsicai< AsTRorroBcr; to 
which we refer the reader for a complete demonstration 
of the law, and for the detailed developement of its 
various and important consequences. 



CHAPTER VII. 



TERRESTRIAI. GRAVITT. 



(115.) Gravitation is the general name given to 
this attraction, by whatever masses of matter it may be 
maniiested. As exhibited in the effects produced by 
the earth upon surrounding bodies, it is caUed ^ terres- 
trial gravity." 

As the attraction of the earth is directed towards its 
centre, it might be expected that two plumb-lines should 
appear not to be parallel, but so inclined to each other 
as to converge to a point under the surface of the 
earth. Thus, if A B and CD, Jig, 23., be two plumb- 
lines, each will be directed to the centre O, where, if 
their directions were continued, they would meet. In 
Hke manner, if two bodies were allowed to fall from A 
and C, they would descend in the directions A B and 
C D, wliich converge to O. Observation, on the con- 
trary, shows, that plumb-lines suspended in places not 
far distant from each other are truly parallel ; and that 
bodies allowed to fall, descend in parallel lines. This 
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appaxent parallelism of the direction of teneaUial fpKf-' 
ity is accounted for by the enormous proportion which 
the magnitude of the earth bears to the distance be- 
tween the two plumb-lines or the two falling bodies 
which are compared. If the distance between the pla- 
ces B, D, were 1200 feet, the inclination of the lines 
A B and C D would not amount to a quarter of a min- 
ute, or the 240th part of a degree. But the distance, 
in cases where the parallelism is assumed, is never 
greater than, and seldom so great as, a few yards ; and 
hence the inclination of the directions A B and C D is 
too small to be appreciated by any practical measure.. 
In the investigation of the phenomena of falling bodies, 
we shall, therefore, assume, that all the particles of the 
same body are attracted in parallel directions, perpen- 
dicular to an*horizontal plane. 

(116) Since the intensity of terrestrial gravity in- 
creases as the square of the distance decreases, it 
might be expected that, as a falling body ai^oaches 
the earth, the force which accelerates it should be con- 
tinually increasing, and, strictiy speaking, it is so. 
Bi^ any height through which we observe falling bodies 
to descend bears so very small a proportion US the whole 
distance from the centre, that the change of intensity 
of the force of gravity is quite beyond any practical 
means of estimating it. The radius, or the distance 
from the surface of the earth to its centre, is 4000 nules. 
Now, suppose a body descended through the height of 
half a mile, a distance very much beyond those used in 
experimental enquiries ; the distances from the centre^ 
at the begining and end of the fall, are then in the pro- 
portion of 8000 to 8001, and therefore the proportion of 
the force of attraction at the commencement to the 
force at the end, being that of the squares of these 
numbers, is 64,000,000 to 64,016,001, which, in the 
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whole descent, is an increase of about one part in 4000 ; 
a quantity practically indigrnificant. Wc shall, there- 
fore, in explaining the laws of falling bodies, assume 
that, in the entire descent, the body is urged by a force 
of uniform intensity. 

Although the force which attracts all parts of the 
sime body during its descent in a given place is the 
same, yettiie force of gravity, at different parts of the 
earth'to surftce, has different intensities. The intensity 
diminishes with the latitude, so that it is greater tow- 
ards the poles, and lesser towards the equator. The 
causes of this variation, its law, and the experimental 
prooih of it, will be explained, when we shall treat of 
cmitrifugal fixrce, and the moti<m of pendulums. It is 
sufficient merely to advert to it in this place. 

(117.) Since the earth's attraction acts separately and 
equally on every particle of matter, without regard to 
iJie nature or species of the body, it follows that all 
bodies, of whatever kind, or whatever be their masses, 
must be moved with the same velocity. If two equal 
particles of matter be placed at a certain distance above 
the surface of the earth, they will lUl in parallel lines, 
and with exactly the same speed, because the eartii at- 
tracts .them equaUy. In the same manner; a thousand 
particles would iaUwith equal velocities. Now, these 
circumstances will in no wise be changed if thoee 
1000 particles, instead of existing separately, be aggre- 
gated into two solid masses, one consisting of 990 par- 
ticles, and the other of 10. We shall thus have a heavy 
body and a hgtii one, and according to our reasoning, 
they must fall to the earth with the same speed. 

Common experience, however, is not always consis- 
tent with this doctrine. What axe called light sdb- 
staocesy as feathers, gdld-lea( psp^f ^* >ro observed 
to ftU alowly and irregularly, while heavier masses, as 

/a 
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solid pieces of metal, stones, ^. fall rapidly. Nay, 
there are not a few instances in which the earth, in- 
stead of attracting^ bodies, seems to repel, them, as in 
the case of smoke, vapors, balloons, and other substan- 
ces which actually ascend. We are to consider that 
the mass of the «arth is not the only agent engaged in 
these phenomena. The earth is surrounded by an at- 
mosphere composed of an elastic or aeriform fluid. 
This atmosphere has certain properties, which will be 
explained in our treatise on Pneumatics, and which 
are the causes of the anomalous circumstances alluded 
to. Light bodies rise in the atmosphere, for the same 
reason that a piece of cork rises from the bottom of a 
vessel of water ; and other light bodies fall more slow- 
ly than heavy ones, for the same reason that an egg in 
water falls to the bottom more slowly than a leaden ' 
bullet. This treatise is not the place to give a direct 
explanation of these phenomena. It will be sufficient 
for our present purpose to show, that if there were no 
atmosphere, all bodies, heavy and light, would faM at 
the same rate. This may easily be accomplished by 
tlie aid of an air-pump. Having by that instrument 
abstracted the air from a tall glass vessel, we are ena- 
bled, by means of a wire passing air tight through a 
hole in the top, to let fall several bodies from the top of 
the vessel to the bottom. These whether they be 
feathers, paper, gold-leaf, pieces of money, fyc. all de- 
scend with the same speed, and strike the bottom' at 
the same moment. 

^118.) Every one who has seen a heavy body fall 
from a hdght, has witnessed the fact, that its velocity 
increases as it t^iproacfaes the ground. But if 'this 
were not observable by the eye, it would be betrayed 
by the effects. It is well known, that the force witii 
which a body strikes the ground increases with the 
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height from whence it has fUien. This force, however, 
la proportional to the velocity which it has at the mo« 
ment it meets the ground, and therefore this velocity 
increases with the height 

When the observations on attraction in the last 
chapter are weQ understood, it will be evident that th'e 
velocity which a body has acquired in falling from any 
height, is the accumulated effects of the attraction of 
tearrefirtrial gravity during the whole time of the fall. 
Each instant of the fall a new impulse is given to the 
body, from which it receives additional velocity ; and 
itB final velocity is composed of the aggregation of all 
the small increments of velocity which are thus com- 
muaicated. ^ we are at present to suppose the in- 
tensity of the attraction invariable, it will follow that 
the velocity communicated to the body in each instant 
of time wiU be the same, and therefore that ike whole 
qyantity of velocity produced or accumulated at the end 
of any time is propoaiional to the length of that time*. 
Thus, ^ a certain velocity be produced in a body having 
fallen for one second, twice that velocity will be pro- 
dneed when it has fallen for two seconds, thrice that 
velocity in three seconds, and so on. Such is the fun- 
damental principle or characteristic of umforwdy aecd^ 
eraUdmoium. 

(119«) In examining the circumstances of the descent 
of a body, the time of the fall and the velocity at each 
imtant of that time are not the cmiy things to be at- 
tended to. The spaces through which it falls in given 
inlervala of time, counted either from the commenee- 
m&at of its fall, or from any proposed epoch of the 
descent, are equally im^rtant objects of enquiry. To 
estimate the space in reference to the time and the 
final velocity, we must consider that this space has 
been mov^d through with varying speed. From a 
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state of rest at the beginning of the fall, the speed 
gradually increases with the time, and the final velocity 
is greater still than that which the body had at any 
preceding instant durihg its descent. We cannot, 
therefore, dirtcHy appreciate the space moved through 
in this case by the time and final velocity. But as the 
velocity increases uniformly with the time, we shall 
obtain the average speed, by finding that which the 
body had in the middle of the interval which elapsed 
between the beginning and end of the fall, and thus the 
space through which the body has actually fallen is that 
through which it would move in the same time with this 
average velocity uniformly continued. 

But since the velocity which the body receives in aay 
time, counted from the beginning of its descent, is in 
the proportion of that time, it follows that the velocity 
of the body after half the whole time of descent is half 
the final velocity. From whence it ^ippears, that the 
height from which a body falls in any proposed time is 
equal to the space through which a body would move in 
the same time with half the final velocity, and it is 
therefore equal to half the space which would be moved 
through in the same time with the final velocity. 

(120.) It follows from this reasoning, that between 
the three quantities, the height, the time, and the final 
velocity, which enter into the investigation of the phe- 
nomena of falling bodies, there are two fixed relations :• 
Firsty the time, counted from the beginnrng of the fall» 
and the final velocity, are proportional the one to the 
other ; so that as one increases, the other increases in 
the same proportion. SecoTuUyf the height being equal 
to half the space which would be moved through in the 
time of the fall, with the final velocity^ must have a fixed 
proportion to these two quantities, viz. the time and the 
Jinal velocity, or must be proportional to the product of 
^he two numbers which express them* 
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Bat since the time is always proportional to the final 
velocity, they may be expressed by equal numbers, and 
the product of equal numbers is the square of either of 
them. Hence, the product of the numbers expressing 
the time and final velocity is equivalent to the square of 
the number expressing the time, or to the square of the 
number expressing the final velocity. Hence we infer, 
that the height is always proportional to the square of 
the time of the fall, or to the square of the final veloc- 
ity. 

(121.) The use of a few mathematical characters will 
render these results more distinct, even to students not 
conversant with mathematical science. Let S express 
the height from which the body falls, V the final veloci- 
ty, and T the time of the fall, and let the square of any 
of these quantities, or rather of their numerical ex- 
pressions, be signified by placing the figure 2 over 
them ; thus, T^ or V9. The sign x be^een two num- 
bers signifies that they are to be multiplied together. 
These being premised, the results of the reasoning in 
which we have been just engaged, may be expressed as 
fi>lk>ws : 

V increases proportionally with T [1] 
S - - - - V T [2] 

S - - - - T2 [3] 

s; ^- - - - V3 [4] 

The theorems [3] and [4] follow from [1] and [2] ; 
for since by [1] T is proportional to V, it may be put 
for V in [2], and by this substitution VxT becomes 
TxT, or T2. In the same manner and for the same 
reason, V may be piit for T, by which VxT becomes 
VxV,orV2. 

By these formularies, if the height through which a 
body falk freely in one second be known, the height 

J* 
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through which it will fall in any proposed time may be 
computed. For since the height is proportional to the 
square of the time, the height through which it will fall 
in two seconds will be four times that which it falls 
through in one second. In ihree seconds it will fall 
through nine times that space ; infoUr seconds, stscteen 
times; in Jive seconds, twenty-Jive times, and so on. 
The following, therefore, is a general rule to find the 
height through which a body will fall in any given time : 
** Reduce the given time to seconds, take the square of 
the number of seconds in it, and multiply^ the height 
through which a body falls fin one second by that num* 
her ; the result will be the height sought" 

The followmg table exhibits the heights and corre* 
spending times as far as 10 seconds : 



Time I 1 I a I 3 I 4 I 5 



Height 1 1 I 4 I 9 I 16 I 25 



6 I y I 8 I 9 I 10 



ae I 49 I 64 I 81 I 1< 



^ 



£ach unit in the numbers of the first row expresses a 
second of time, and each unit in those of the second 
row expresses the height through which a body ftlls 
freely in a second. 

(122.) If a body fall continually for several successive 
seconds, the spaces which it falls through in each suc- 
ceeding second have a remarkable relation among each 
other, which may be easily deduced from the preceding 
table. Taking the space moved through in the first 
second still as our unit, four times that space will be 
moved through in the first two seconds. Subtract firom 
this 1, the space moved through in the first second, and 
the remainder 3 is the space through which the body 
falls in the second second. In like manner if 4, the 
height fallen through in the first two seconds, be sub- 
tracted from 9, the height Men through in^ the first 
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three seconds, the remainder 5 will be the space fallen 
through in the third second. To find the space fallen 
through in the fourth second, subtract 9, the space fall- 
en, through in the first three seconds, from 16, the 
space fallen through in the first four seconds, and the 
result is 7, and so on. 

It thus appears that if the space fallen through in the 
first second- be called 1, the spaces described in the 
second, third, fourth, fifth, &c. seconds, will be express- 
ed by the odd numbers respectively, 3, 5, 7, 9, &c. 
This places in a striking point of view the accelerated 
motion of a falling body, the spaces moved through in 
each succeeding second being continually increased. 

(123.) If velocity be estimated by the space through 
which the body would move uniformly in one second, 
then the final velocity of a body falling for one second* 
will be 2 ; for with that final velocity the body would in 
one second move through twice the height through 
which it has fallen. 

(124.) Since the final velocity increases in the same 
proportion as the time, it foUows that after two seconds 
it ia twice its amoimt after one, and after three seconds 
thrice that, and so on. Thus, the following table ex- 
hibits the final velocities corresponding to. the times of 
descent : 



Time 1|234|5|6 7 8 9 


lOl 


Final velocity 2|4 6 8 | 10 1 12 14 16 18 


20] 



The numbers in the second row express the spaces 
through which a body with the final velocity would 
move in one second, the unit being, as usual, the space 
through which a body falls freely in one second. 

(125.) Having thus developed theoretically the laws 
which characterize the descent of bodies, falling freely 
by the fi)rce of gravity, or by any other uniform foycQ 
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of the same kind, it is necessary th&t we should show 
how these laws can be exhibited by actual experiment. 
There are some circwnstances attending the fall of 
heavy bodies which would render it difficult, if not im- 
possible, to illustrate, by the direct observation of this 
phenomenon, the properties which have been explained 
in this chapter. A body falling freely by the force of 
gravity,' as we shall hereafter prove, descends in one 
second of time through a height of about 16 feet; in 
two seconds, it would, therefore, fall through four times 
that space, or 64 feet ; in three seconds, through 9 
times the height, or 144 feet; and in four secondly 
through 356 feet In order, therefore, to be enabled to 
observe the phenomena for only four seconds, we 
should command an height of at least 256 feet. But 
further ; the velocity at the end of the first seccmd 
would be at the rate of 32 feet per second ; at the end 
of the second second, it would be 64 feet per second 9 
and towards the end of the fall it would be about 120 
feet per second. It is evident that this great degree (^ 
rapidity would be a serious impediment to accnnte ob«* 
servation, even though we should be able to conmland 
the requisite height. 

It occurred to Mr. George Attwood, a matbemttticiaB 
and natural philosopher, of the last century, that all the 
jdienomena of falling bodies might be experimentally 
exhibited and accurately ^observed, if a force of the 
same kind as gravity, viz. an uniformly accelerating 
force, be used, but of a much less intensity ; so that 
while the motion continues to be governed by the 
same lawS) its quantity may be so much diminished, 
that the final velocity, even after a descent of many^ 
seconds, shall be so moderated as to admit of most de- 
liberate and exact observation. This being once ac- 
Gomplishedi nothing more would- remain but to find the 
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height tiirotigh which a body would fall in one second, 
or what is the same, the proportion of the force of grav- 
ity to th^ mitigated but uniform accelerating force thus 
substituted for it. 

(1^6.) To realize this notion, Attwood constructed a 
wheel turning on its axle with very little friction and 
having a groove on its edge to receive a string. Over 
this wheel, and in the groove, he placed a fine silken 
cord, to the ends of which were attached equal cylindri- 
cal weights. Thus placed, the weights perfectly bal- 
ance each other, and no motion ensues. To one of the 
weights he then added a small quantity, so as to give it 
a sMght preponderance. The loaded weight now began 
to descend, drawing up on the other side the unloaded 
weight. The descent of the loaded weight, under 
these circumstances, is a motion exactly of the same 
kind as the descent of a heavy body falling freely by 
the force of gravity ; that is, it increases according to 
the same laws, though at a very diminished rate. To 
explain this, suppose that the loaded weight descends 
from a state of rest through one inch in a second, it will 
descend through 4 inches in two seconds, through 9 in 
three, through 16 in four, and so on. Thua in 20 sec- 
onds, it would descend through 400 inches, or 33 feet 
4 inches, a height which, if it were necessary, could 
easily be commanded. 

It might, perhaps, be thought, that since the weights 
suspended at the ends of thi& thread are in equilibrium, 
and therefore have no tendency either to move or to 
resist motion, the additional weight placed upon one of 
them ought to descend as rapidly as it would if it were 
allowed to fall freely and unconnected with them. It 
is very true that this weight will receive from the at^ 
traction of the earth the same force when placed upon 
one of the suspended weights, as it would if it were 
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diseiigaged iW>m thetn ; but ia the cons^qnences which 
ensue, there is this difference. If it were unconnected 
with the suspended weights, the whole force impressed 
upon it would he expended in accelerating its descent ; 
but being connected with the equal weights which sus- 
tain each other in equilibrium, by the silken cord pass- 
ing over the wheel, -the force which is impressed upon 
the addeji weight is expended, not as before, in giving 
velocity to ^the added weight alone, but to it together 
with the two equal weights appended to the string, one 
of which descends with the added weight, and the oili- 
er rises on the opposite side of the wheeL Hence, setp* 
ting aside ^ny effect which the wheel itself produces, 
the velocity of the descent must be lessened just ia pro- 
portion as the mass among which the impressed force is 
to be distributed is increased ; and therefore the rate of 
the fitll bears to that of a body falling freely the same 
proportion as the added weight bears to the sum of the 
masses of the equal suspended weights and the added 
weight Thus the smaller the added weight is, and the 
gseater the equal suspended weights are, the slower will 
the rate of descent be. 

To render the circumstances of the fall convenieatfy 
observable, a vertical shaft (see Jig, 24.) is usually pro- 
vided, which is placed behind the descending weight. 
This pillar is divided to inches and halves, and of course 
may be still more minutely graduated, if necessary. A 
stage to receive the falling weight is moveable on this 
pillar, and ciqpable of being fixed in any proposed posi- 
tion by an adjusting screw. A pendulum vibrating 
seconds, the beat of which ought to be very audible, is 
placed near the observer. The loaded weight being 
thus allowed to descend for any proposed time, or from 
any required height, all the circumstances of the de- 
flceat may be accurately observed, and the several laws 



already ezpluned in this chaiiter may be expenmentaHy 
verified. 

(127.) The laws which govern the' descent of bodies 
by gravity^ being ^reversed, will be applicable to the 
ascent of bodies projected upwards. If a body be 
projected directly upwards with any given velocity, it 
will rise to the height from which it should have fallen 
to acquire that velocity. The earth's attraction wiU, in 
this case, gradually deprive the body of the velocity 
which is communicated to it at the moment at which it 
is projected. Consequentiy, the phenomenon will be 
that of retarded mo<Mm. At each part of its ascent it 
will have the same velocity which it would have if it 
descended to the same place from the highest point to 
which it rises. Hence it is clear, that all the particu- 
lars relative to the ascent of bodies may be immediate- 
ly inferred from those of their descent, and therefore 
this subject d^nands no further notice. 

To complete the investigation of the phenomena of 
falling bodies, it would now only remain to explain the 
• method of ascertaining the exact height through which 
a body would descend in one second, if unresisted by 
the atBKMphere, or any other disturbing cause. As the 
solution of this problem, however, requires the aid of 
principles not yet e^lained, it must for the present be 
postponed. 
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CHAPTER Vni. 

OF THE MOTION OF BOI>tE8 OIT rifCLINED PIiANEfi 'AlTD 
CURVES. 

(128.) In the last chapter, we investigated the phe- 
nomena of bodies descending freely in the vertical di- 
rection, and determined the laws which govern, not 
their motion alone, but that of bodies urged by any 
uniformly accelerating force whatever. We shall now 
consider some of the most ^ordinary cases in which the 
&ee descent of bodies is impeded, and the effects <^ 
their gravitation modified. 

(129.) If a body, urged by any forces whatever, be 
placed upon a hard unyielding surface, it will evidently 
remain at rest, if the resultant (76) of all the forces 
which are applied to it be directed perpendicularly 
against the surface. In this case, the effect produced 
is pressure, but no motion ensues. If only one force 
act upon the body, it will remain at rest, provided the 
direction of that force be perpendicular to the surface* 

But the effect will be different, if the resultant of 
the forces which are applied to the body be oblique to 
the surface. In that case this resultant, which, for 
simplicity, may be taken as a single force, may be con- 
sidered as mechanically equivalent to two forces (76), 
one in the direction of the' surface, and the other per- 
pendicular to it. The latter element will be resisted, 
and will produce a pressure ; the former will cause the 
body to move. This will perhaps be more clearly ap- 
prehended by the aid of a diagram. 

Let A B,^. 25., be the surface, and let P be a parti- 
cle of matter placed upon it, and urged by a force in 
the direction P D, perpendicular to A B. It is manifeat. 



that this force can only press the. particle P against 
A By but cannot give it any motion. 

But let UB suppose, tbat the force which urges P is in 
a direction P P, oblique to A B. Taking P F as the 
diagonal of a parallelogram, whose sides are P D and 
P C (74) the force P P is mechanically equivalent to 
two forces, expressed by the lines P D and P C. But 
PD being perpendicular to AB, produces pressure 
withmit motion, and P C being in the direction of A B, 
produces motion without pressure. Thus the effect of 
the force P P is distributed between motion and pres- 
sure in a certain proportion, which depends on the ob- 
liquity of its direction to that of the surface. The two 
extreme cases are, 1. When it i» in the direction of the 
eurfkce ; it then produces motion without pressure; 
and, 2. When it is perpendicular to the surface ; it then 
produces pressure without motion. In all intermediate 
directions, however, it will produce both these effects. 

(1^.) It will be very apparent, that the more oblique 
the directton of the force P P is to A B, the greater 
will be that part of it which produces motion, and the 
less will that be which produces pressure. This will 
be evident by inspecting^. 26. In this figure the line 
P P, which represents the force, is equal to P P in Jig. 
25. But P D, which expresses the pressuf e, is less in 
^. 96. than in Jig: 25., while P C, which expresses the 
motion, is greater. So long, then, as the obliquity of 
the directions of the surface and the force remain un- 
changed, so long will the distribution of the force be- 
tween motion and pressure remain the same ; and there- 
fore, if the force itself remain the same, the parts of it 
which produce motion and pressure will be respectively 
e^ual. 

(131.) These general principles being understood, no 
diMculty can arise in applying them to the motion of 
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bodies urged on inclined pUmee ot carves bj the toee 
of gravity. If a body be placed on an unyielding^ hori- 
zontal plane, it will remain at rest, producing a press- 
ure on the plane equal to the total amount of its weight. 
For in this case the force which urges the body, being 
that of terrestrial gravity, its direction is vertical, and 
therefore perpendicular to the horizontal plane. 

But if the body P,^. 25^ be placed upon a plane 
A B, oblique to the direction of the force of gravity, 
then, according to what has been {Nroved (129), the 
weight of the body will be distributed into two parts, 
P C and P D ; one, P D, producing a pressure <m the 
plane A B, and the other, P C, fvoducing motion down 
the plane. Since the obliquity of the perpendicular 
direction P F of the weight to that of the plane A B 
must be the same on whatever part of the plane the 
weight may be placed, it foUows (130), that the pr«^>or- 
tion f C of the weight which urges the body down the 
plane, must be the same throughout its whole descent. 

(132.) Hence it may ei^ily be inferred, tluLt the force 
down the plane is uniform ; for since the weight of the 
body P is always the same, and since its proportion to 
that part which urges it down the plane is the same, it 
follows that the quantity of this part cannot vary. The 
motion of a heavy body down an inclined plane is there- 
fore an unifonnly-ac'celerated motion, and is chacter- 
ized by all the properties of uniformly-aoceleratod mo- 
tion, explained in the last chapter. 

Since P P represents the force of gravity, that is. the 
force with which the body would descend freely in the 
vertical direction, and PC the force with which it 
moves down the plane, it follows that a body would M 
freely m the vertical direction from P to F in the same 
tune as on the pkne it would move from P to C. In 
WWi manner, therefore, when the height through whkh 
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* a body would fall vertically is known, the space through 
which it would descend in the same time down any 
giren inclined plane may he immediately determined. 
For let A B, fig, 25., be the given inclined plane, and 
let P F he the space through which the body would fall 
in one second. From F draw F C perpendicular to the 
plane, and the space PC is that through which the 

• body P will fall in one second on the plane. 

(133.) As the angle BAH, which measures the ele- 
vation of the plane, is increased, the obliquity of the 
-vertical direction P F with the plane is slso increased. 
Consequently, according to what has been proved (130), 
it follows, that as the elevation of the plane is increased| 
the force which urges the body down the plane is also 
increased, and as the elevation is diminished, the force 
dofiers a corresponding diminution. The two extreme 
cases are, 1. When the plane is raised until it becomes 
perpesdiciilar, in which case the weight is permitted to 
iktt freely, without esrerting any pressure upon tiie 
plane ; and, 2. When the plane is depressed untQ it 
becomes horizontal, in which case the whole weight is 
supported, and there^ is no motion. 

Fiom these circumstances it foUbws, that by means 
of an inclined plane we can obtain an uiiiformly-ac- 
celerating force of any magnitude less than that of 
grorvity. 

We have here omitted, and shaU for the present in 
every instance omit, the effects of JHetion, by which 
the motion down the plane is retarded. Having first 
> investigated the mechanical properties of bodies sup- 
posed to be free from friction, wo shall consider fHction 
separately, and show how the present results are modi- 
fied by it. 

(134.) The accelerating forces on different inclined 
piuieii may be compared by the principle explained ia 
g 
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(131). he^ fig9,'^- Aflid 96. be two uidindd jplanes, and 
.|(^e the liaed P F in efich figui« equal, boili expies«iii^ 
Itbe force of gravitj, tben P C will be tiie foree wbieb in 
,«Ach ccuse urges the body down the ^ane. 

As Ihe f(Mrce down 4ua inclined plnne is less than tiliat 
which urges a body falling freely in the vertical direc- 
tion, the space through which the body must &11 to at- 
tain a certain final velocity must be just so much great- 
er as the acoelejaiing fosce is less. On this principle 
we shaU be able to determine the final velocity m 
descending 'through any space <Hi a plane, compared 
with the final velocity attained in falling freely in the 
vertical direction. Suppose the body P, fig' 27., placed 
at the top of the plane, and from H draw the perpendie- 
nhtr H.C. If B H represent the Ibrce of gravity, BC 
;i(?ill represent the force down the plane (131). In (irder 
Ihat the body moving down the plane shall have a. final 
yelocity equal ito that of one which has fiiUea ireely 
fiK>m B to H, it will be necessary that it shoidd move 
.from. B down ihe plane, through a space which bean 
jthe sipne pgroportion to BH asBH does to BC. But 
since the triangle A B H is in all respects similar to 
jHBCy pnly made upon a larger scale, the line AB 
bears tUe same piM>p(»tion to B H ^ B H bears to B C. 
Henpej in falling on the inclined plane from B to A, the 
final velocity is the same as in falling freely from B to H. 

Jt is evident that the same will be true at whatever 
level a^ horizontal line be drawn. Thus, if J £ be 
horizontal, the finpl velocity in fal^ng on the pUoie 
from B to I will he jhe siMne as the $nfJ vetoc^ |b 
fiiUi^ig freely from Bto £. 

(13$.) The motion of a hea.vy body dowa{i a. leiiTve 
differs in an important respect from the motion dawn 
an inplii^ i^Ane. J&yery jfffft of the p|«n9 )»eing 
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oMBe^oendy, tk« pheAomeiui obey all t))» €«UMished 
l««r# «f imifannly-flecelerated motion. If, faowevor, we- 
suppose l&e line B A, o& wkieh* the body P descends, to 
be curved as in Jig. 28., the obliqaiCy of its dkeclion 
at different perts, to Hie direction P F of g^mvity, will 
evidently vsry. In tiie jui^sent instance, ^his oUiqoiCy 
19 greiUer feewaMb B nxti Ib9» towards A, and hence 
the part of the foitse of gfratity which gives motion «o 
the hody i» gveater towards B> than fewtirds A {1^ 
Tkefeirce,^thei«foie, which nidges' the body, instettd>cif 
hiding' UBifenw a9> in (^inclined plane, is h»r& grdia^y 
dttiftmnbedi The- y«te of this dltaMniuliori depende e»« 
^ebreiktto iMit«re of thw enrve, and cant be deduced 
firom the properties of the ctwve' by mathematiieal reii«- 
eoriii^ The^dBtttb of mich ski infestation Are Aot, 
haw&mTf of u saflieientiy elementA^cheracMr t» fldle#^ 
e# heh^ intmduoed witii advHttKage into tikis' tMuttsev 
WeitaBt tho'e&xto liint ovMelves fio' eix^aitt such of 
tie reecdte as may be necessttry for the devekpement 
of <he other parts of the science. 

(id6L) When a heavy body is moved down an inclined 
jiaae by the force of gravity, the plane has beett 
proved to sustain a pressure, arising torn a certaiil 
part of the weight P D,Jig, 35., which acts perpendioiv* 
lariy to the pluie. This is also the case in moving 
down a curve each as B A, Jig, 28. In this case, also 
the whole weight is distributed between tiiat part 
which is directed down the curve, and that which, be- 
ing perpendicular to the curve, produces a pressure 
apon it. There is, however, another cause which pro* 
daces pressure upon the curve, and which has no opera- 
tion in the case of the inclined plane. By the property 
of inertia^ when a body is put in motion in any diree- 
tion, it must persevere in that direetiOB, uidefls it be 
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Reflected from it by a& efficient force. ' Is t^e motiea 

down an inclined {dane the direction is lusver changed, 
and therefore by its inertia the falling body retains aU 
the motion impressed upon it continually in the same 
direction ; but when it descends upon a curve^ its direc- 
tion is constantly varying, and the resistance of the 
curve being the deflecting cause, the curve must sus- 
tain a pressure equal to that force which would thus be 
capable of continually deflecting the body frcm the 
rectilinear path in which it would move in virtue of its 
inertia. This pressure entirely depends on the curva- 
ture of the path in which the body is constrained to 
move, and on its inertia, and is therefore altogether 
independent of the weight, and would in fact, exist if 
the weight were without efiect. 

(137.) This pressure has been denominated eentnfit- 

gal force, because it evinces a tendency of the moviag 

body U>fii^ from the centre of the curve in which it is 

moved. Its quantity depends conjointly on the velocity 

of the motion and the curvature of the path through 

which the body is moved. As circles may be described 

with every degree of curvature, according to the length 

of the radius, or the distance from their circumference 

to their centre, it follows that, whatever be the curve in 

which the body moves, a circle can always be assigned 

which has the same, curvature as is found at any ^ro* 

posed point of the given curve. Such a circle is 

called " the circle of curvature " at that point of the 

curve ; and as, all curves, except the circle, vary their 

degrees of curvature at difierent points, it follows that 

different parts of the same curve will have difler^ftt 

circles of curvature. It is evident that the greater the 

radius of a circle is, the less is its curvature : thus the 

circle with the radius A B, Jig. 29., is more curved than 

that whose radius is G i>, and. that in the exact proper* 
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tien of the r&dios C D to the radius A B. The radkui 
of the circle of curvature for any part of a curve is 
called ^* the radius of curvature " of that part 

(138.) The centrifugal pressure increases as the ra- 
dius of curvature increases ; but it also has a depen- 
dence on the velocity with which the moving body 
swings round the centre of the circle of curvature. 
This velocity is estimated either by the actual space 
through which the body moveS) or by the angular vdoc- 
i^ of a line drawn from the centre of the circle to the 
moving body. That body carries one end. of this line 
with it, while the other remains fixed at the centre. 
As this angular swing round the centre increases, the 
centrifugal pressure increases. To estimate the rate at 
which this pressure in general varies, it is necessary to 
multiply the square of the number expressing the angu- 
lar velocity by that which expresses the radius of cunr- 
ature, and the force increases in the same proportion as 
the product thus obtained. 

(139.) We have observed that the same causes 
which produce pressure on a body restrained, will pro- 
duce motion if the body be free. Accordingly, if a 
body be moved by any efficient cause in a curve, it wiQ, 
by reason of the centrifugal force, fly off, and the mov« 
ing force with which it will thus retreat from the centre 
round which it is whirled will be a measure of the cen- 
trifugal force< Upon this principle an apparatus called 
K whirling tahle has been constructed, for the purpose 
of exhibiting experimental iQustrations of the laws of 
centrifugal f^ce. By this machine we axe enabled to 
place any proposed weights at any given distances from 
centres round which they are whirled, either with the 
same angular velocity, or with velocities having a cer- 
tain proportion. Threads attached to the whirling 
weights are carried to the centres round which tb^y 
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f«0p6cfivdly revolve, acnd there, pemnagf over 'fgSkj^ 
are connected with weights which may be varied at 
pleasure. When the whirling weights fly from their 
respective centres, by reason of the centrifugal force, 
they draw up the weights attached to the other ends of 
the threads, and the amount of the centrifugal force le 
estimated by the weight which it is capable of raisii^. 

With this instrument the following experiments may 
be exhibited : — 

Exp. 1. Equal weights whirled with the same velo- 
city at equal distances from the centre raise the same 
weight, and therefore have the same centrifugal force. 

Exp. 2. Equal weights whirled with the same angular 
velocity at distances from the centre in the proportion 
of one to two, will raise weights in the same propor- 
tion. Therefore the centrifugal forces are in that 
proportion. 

Exp. 3. Equal weights whirled at equal distancee 
with angular velocities, which are as one to two, wffl 
raise weights as one to four, that is, as the squares of 
the angular velocities. Therefore the centrifhgal for- 
ces are in that proportion. 

Exp. 4. Equal weights whirled at distances which 
fire as two to three, with angular velocities which art 
as one to two, will raise weights which are as two te 
twelve ; that is, as the products of the distances two 
and three, and the squares, one and four, of the angahur 
velocities. Hence, the centrifugal forces are in this 
proportion. 

The centrifligal force must also increaae as the nuuni 
of the body moved increases ; for, like attraction, eaob 
particle of the moving body ie separately and e^aMy 
ailbcted by it Hence a donUe mass, moving at 11^ 
same distance, and with the same veloeity, wifi liavia a 
double f>rce. The Mowng experimmt veiille* 
this: — 
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Ibtp. 5. tf Weights, which ate as one to two, be 
whirled at equal distances with the same velocity, they 
Will taise weights Which are as one to two. 

(140.) The consideration of centriftigal force proves, 
^at If 4 hody be observed to move in a curvilinear path, 
^ome'eAcient cause must exist which prevents it from 
Itftig off, and which compels it to revolve round the 
e^tt^. If the body be connected with the centre by a 
thread, eotd, or tod, then the eAbct of the centrifugal 
force is to give tension to the thtead, cotd, or rod. If 
*!i unyielding curved surfkce be placed on the convex 
tSiSt t>f the path, then th^ force will produce pressure 
«tt this surface. But if a body is observed td move in 
a curve without any visible material connection with itfer 
l^nctt^, aAd Without any obstruction on the convex dide 
Df it» ftttii lo ri^sidt its retteat, as is the case with th^ 
iiM>tion«r)6f tiiife planets tound the sun, and the satellites 
Wobd ike planets, it is usual to assign the caude to th^ 
iKttHA^tton of the body which occupies the centre) ih 
ISie present instance the sun is that body, and it is cus- 
tMnary to say that the ttttrttcHon of the sun, neutralizing 
the effbcts of the centrifugal ibtce of the planets, 
retains fhe^A in their orbits. We have elsewhete an!- 
ttiadverted on the inaccurate and unphilo8<^phical style 
tf this phraseology, in which terms are admitted which 
intimate not only an unknown cause, but assign its seat, 
and intimate something of its nature. All that we are 
^titled to declare in this case is, that a motion 16 con- 
tinually impressed upon the planet ; that this motion is 
fliteCieA towards the sun ; that it counteracts the cen- 
tl^gal force ; but firom whence this .motion proceeds, 
whether it be a virtue resident in the sun, or a proper- 
ty of the medium or space in which both sun and plan-* 
*ts toe plaead, or whatever other influence may be its 
piMimMs$ ^ause, we are altogethet ignorant. 
g3 
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(146.) The centriftfgal fdfcC of the earth's tx»tiltt6ii 
also afibcts detached bodies 6n its Iftirface. If ^ch 
l^odies were not held upoA the surfltcehftiie eArth'i 
attraction, they would be imtmediatelj dung off by th^ 
whirling motion in which they participate. The ctti* 
trifagal force, however, teally diminishes the efieCts of 
the earth's attraction on those bodiesj or, what is th^ 
aatne» diminishes their weights. If the eai^ were not 
i^erolving on its axis, the weight of bodies id all piacM 
'tquUly distant floin the centre woiild be the litiititi i but 
tids &9 not 00 Wh^h the bodies, as th^y do, move tOuild 
ivith the earth. They ac<}uire irom the c^nttifbgai 
ibtce a ttoieiidy to fly li^om the axis, wMch increase 
'With their distance ilPOi^ that axis, and hi th^fefOre 
gt^'ater tile n^atei^ ih^y kte td the equator,- atid leefd ^ 
Oiey apfitoach &e pole. But th^te Is aiimfi^ xiiiaHfh 
why the centrifugal foree is more efflcieini ih the 4ipp&- 
aition which it gives to gi^Avity near the eqiiator thaii 
lieir the poles. This force doe^ not act from the ceti^ 
tfe of the ea^th, but is directed from the earth'i^ atk. 
It is, tiiefefbre, not directly opposed to gravity, except 
4m the equator itself. Oil leaving the equator, and firo- 
«eeding towards the poles, it is less and less opposed to 
gravity^ as will be plain on inspecting Jig. 35.^ where 
the lines P C all represent the direction of gravity^ and 
the lines P F represent the direction of the centrifugal 
force. 

. Since, then, as we proceed from the equator toward 
the poles, not only the amount of the centrifugal force 
is continually diminished, but also it acts less and less 
in opposition to gravity, it follows that the weights of 
bodies are most diminished by it at the equator, and 
leis so towards the poles^ 



Since bodies «re eommooly WMgfaed by Mnielfl^ 
them against other ho^imt of known weight, itmwf be 
aeked, how the ^nomena we hare been joeA descfib*- 
mg caft be ascertained aa a matter of fbet ? fbr wfaaitever 
be 1^ body against which it may be balanced, that 
body nmst suffer just as much diminntbn of weight as 
every other, and consequently, all being diminished in 
liie same proportion, the balance will be preserved 
though the weights be chang^ed. 

To render this etfect observable^ it wiH be neeessavf 
to compare the effects of gravity with scNeee phenome- 
non which is not affected by the eentrifbgel fbree ef 
Hm earth's rotation, and which will be the same at 
evesy part of the earth. The means of accomplishing 
this will be explained in a subsequent chapter. 



CHAPTER IX. 



THE CKIfTRE OP GRAVITY. 



(147.) Bt the earth^s attraction, all the particles 
which compose the mass of a body are solicited by 
equal forces in parallel directions downwards. If these 
eomponent particles were placed in mere juxtaposition, 
without any mechanical connection, the force impressed 
on any one of them could in nowise affect the others, 
and the mass would, in such a case, be contemplated as 
an aggregation of small particles of matter, each urged 
by an independent fbrce. But the bodies which are the 
sobjeots ef investigation in mechanical science are not 
fiM»d IB this state. Solid bodies are coherent masses, 
the pavtioles ef i^ich are firmly bound together, so that 
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any foifce which affects one, being inodii&ed accos^&og' 
to circumstances, will be transmitted through the whole 
body. Liquids accommodate themselves to the shape 
of the surfaces on which they rest, and forces affecting 
any one part are transmitted to others, in a manner 
depending on the peculiar properties of this class of 
bodies. 

As all bodiea, which are subjects of mechanical en- 
quiry, on the surface of the earth, must be continually 
influenced by terrestrial gravity, it is desirable to obtain 
Bome easy and summu'y method of estimating the effect 
of this force* To consider it, as is lumvoidable in the 
-first iuiMance, the combined action of an infinite number 
of equal and parallel Ibrees soliciting the elementary 
molecules downwards, would be attended with manifest 
Inconvenience. An infinite number of forces, and an 
infinite subdivision of the mass, would form parts of 
every mechanical problem. 

To overcome this difficulty, and to obtain all the ease 
and simplicity which can be desired in elementary in- 
vestigations, it is only necessary to determine some 
force, whose single effect shall be equivalent to the 
combined effects of the gravitation of all the molecules 
of the body. If this can be accomplished, that nngle 
force might be introduced into all problems to repre* 
0ent the whole effect of the earth's attraction, and no 
regard need be had to any particles of the body, except 
that on which this force acts. 

(148.) To discover such a fbrce, if it exist, we shall 
jfirst enquire what properties must necessarily character- 
ize it. Let A B, Jig. 37., be a solid body placed near 
tiie surface of the earth. Its particles are all solicited 
downwards, in the directions represented by the arrows, 
How, if there be any single force equivalent to these 
combined effects, two propertiw mny be at once aMiga- 



ed to it: !• it most be prewnted downwwds, In ike 
common direction of those forces to which it is me- , 
chanically equiyalent ; and, 2. it must be equal in 
intensity to their sum, or, what is the same, to the force 
with which the whole mass would descend. We shal) 
then suppose it to have this intensity, and to have the 
direction of the arrow D E. Now, if the single force, 
in the direction D E, be equivaTent to all the separate 
attractions which affect the particles, wo may suppose 
all these attractions removed, and the body A B influ*- 
enced only by a single attraction, acting in the direction 
D £. This being admitted, it follows that if the body 
be placed upon a prop, immediately under the direction 
ci the line D£, or be suspended from a fixed point 
immediately above its direction, it will remain nuytion* 
less. For the whole attracting force in the direction 
D £ will, in the one ^case, press the body on the prop, 
and, in the other case, will give tension to the cord, 
rod, or whatever other means of suspension, be used. 

(149.) But suppose the body were suspended from 
some point P, not in the direction of the line DE. 
Let P C be the direction of the thread by which the 
body is suspended. Its whole weight, accordiog to the 
supposition which we have adopted, must then fCct in the 
direction C E. Taking C F to represent the weight ; it 
may be considered as mechanically equivalent to two 
forces (74), C I and C H. Of these C H, acting direct- 
ly from the p<Hnt P, merely produces pressure upon it, 
and gives tension to the cord PC; but C I, acting at 
right angles to C P, produces motion round P as a cen« 
tre, and in the direction C I, towards a vertical line P G, 
drawn through the point P. If the body AB had been 
on the other side of the line P G, it would have moved 
in like manner towards it, and therefore in the direQ^ 
tion contrary to its present motion. 
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Heaee we rnual into, tlMt when tke bodf itf sm^eikl' 

ed from a fizeid 'point, k camiot feinain dt reflt, if tiwt 
fijced point be not placed id the directieii of the^ line 
DE; and,.oa the other hand^ that if the fitedpointSe 
in the direction of that line, it caooLne* move. A pgaeA* 
cal test is thus suggested, hy which the hue 91! 
may he at once discorered. Let a thread be afetaeked 
to any point of the body, and let it be suspended by ita0 
thread from a hook or other fixed points The direotixMI 
of the th/eady when the body becomes qoieseeaty Will 
be that of a single force ^qnivatent to the gnwitatimi 
of aU the component pirts of the* mass. 

(150.) An enquiry is here suggested : Does the direct 
tion of the equivalent force tfans deter nuned depeni oik 
the pomtion ef the body with respedt to the snrihce ef 
the earth, a^d how is the directiorii of the equlFalenI 
foree affeeted by a chaise in that position ? Thk qaetf- 
tion may be at once solved if the body be Mspended by 
different points^ and the direotaone which the sospeirii* 
ing thread takes in each ease relatir^ to the fignl« 
and dimensions of the body examined. 

The body being suspended in this manner from any^ 
pointy let a small hole be bored through it, in the exact 
direction of the thread, so that if the thread were con- 
tinued below the point where it is attached to the body, 
it would pass through this hdie. The body beii^ sue* 
cessively suspended by several different points oa its 
surface, let as many small holes be bored throt^h it in 
the same manner. If the body be then cut through, so 
as to discover the directions which the several holes 
have taken, they will be all found to cross each other at 
one point within the body ; or the same fact may be 
discovered thus : a thin wire, which nearly fills the 
hgles, being passed through any one of them, it will be 
found to intercept the passage of a similar wire through 
any other. 
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TUs 6i«gld«r iact lofbches us, wbat indeed can be 
peeved by mpithenuMicai re«9oning without experiment, 
tbttb tbere is one peint in every body through which the 
. single force, which is equivalent to the gravitation of all 
its particles, must pass in whatever position the body 
be placed. This point is called the centre of gravity, 

(151.) In whatever situation a body may be placed, 
the centre of gravity will have a tendency to descend 
in the direction of a line perpendicular to the horizon, 
and which is called the line of direction of the weight. 
If the body be altogether free and unrestricted by any 
resistance or impediment, the c^[itre <^ gravity will 
actually descend in this direction, and all the other 
points of the body will move with the same velocity in 
parallel directions, so that during its fall the position of 
the parts of the body, with respect to the ground, wffl 
be twoXtered* But if the body, as is, most usual, be sub- 
jeict to some resistance or restraint, it will either remain 
unmoved, its weight being expended in exciting pres- 
i3ure on the restraining points or surfaces, or it wfl] 
move in a direction and with a velocity, depencbng on 
the cixcumgtanses which restndn it. 

In ordejc to determine these ef^ts, to predict the 
pressure produced by the weight if the body be quies- 
cent, or the mixed effects of motion and pressure, if it 
be not so, it is necessary in all cases to be able to assign 
the place of the centre of gravity. When the magni- 
tude and figure of the body, and the density of the 
matter which occupies its dimensions, are known, the 
place of the centre of gravity can be determined with 
the greatest precision by mathematical calculation. 
The pnocess by which this is accomplished, however is 
n^t iof ^ fH(ifficie)tttly e^epientary nature to be pcoperiy 
inlj|rp4f^«4 i^to this treat^e* To render it intelHgible 
would require the aid of some of the most adnuiped 
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analytical principles ; and even to express the position 
of the point in question, except in very parttcuiar instan- 
ces, would be impossible, without the aid of peculiar 
symbols. 

(152.) There are certain particular forms of body 
in which, when they are uniformly dense, the place of 
the centre of gravity can be easily assigned, and 
proved by reasoning, which is generally intelligible; 
but in all cases whatever, this point may be easily de- 
termined by experiment. 

(153.) If a body uniformly dense have such a shape, 
that a point may be found on either side of which in 
all directions around it the materials of the body are 
similarly distributed, that point will obviously be the 
centre of gravity. For if it be supported, the gravita- 
tion of the particles on one side drawing them down- 
wards, is resisted by an eflfect of exactly the same kind 
and of equal amount on the opposite side, and so the 
body remains balanced on the point. 

The most remarkable body of this kind is a g)obe, 
.the centre of which is evidently its centre of gravity. 

A figure, such as j'Sg^. 38., called an cUate spkerrnd, has 
its centre of gravity at its centre, C. Such is the fig- 
ure of the earth. The same may be observed of the 
elliptical sdid, fig, 39., which is called a prolate sphe- 
roid. 

A cube, and some other regular solids, bounded by 
plane surfaces, have a point within them,' such as above 
described, and which is, therefore, their centre of grav- 
ity. Such Ktefig, 40. 

A straight wand of uniform thickness has its ccfiitre 
of gravity at the centre of its length ; and a cylindri- 
cal body has its centre of gravity in its centre, at the 
• middle of itB length or axis. Such is the point €^ 

J?fir-4i. 
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A ikX i^ate of any imifonn snbBUnco, and which has 
in every part an equal thickness, has its centre of gravity 
lit the middle of its thickness, and under a point of its 
surface, which is to he determined by its shape. If it 
be circular or elliptical, this point is its centre. If it 
have any regular form, bounded by straight edges, it is 
that point which is equally distant from its several an- 
gles, as C in^. 42. 

(154.) There are some cases in which althoi^gh the 
place of the pjentre of gravity is not so obvious as in 
the examples just given, still it may be discovered with- 
out any mathematical process, which is not easily under-* 
stood. Suppose ABC, Jig. 43., to be a flat triangular 
plate of uniform thickness and density. Let it be im- 
agined to be divided into narrow bars, by lines parall^ 
to the side A C, as represented in the figure. Draw 
B D from the angle B to the middle point D of the side 
AC. It is not difficult to perceive, that BDwill di- 
vide equally all the bars into which the triangle is con- 
ceived to be divided. Now if the flat triangular plate 
A B C be placed in a horizontal position on a straight 
edge coinciding with the line BD, it will be balanced: 
for the bars parallel to A C will be severally balanced 
by the edge immediately under their middle point ; since 
that middle point is the centre of gravity of each bar. 
Since, then, the triangle is balanced on the edge, the 
centre of gravity must be somewhere immediately over 
it, and must, therefore, be within the plate at some 
point under the line B D. 

The same reasoning will prove that the centre of 
gravity of the plate is under the line A E, drawn from 
the angle A to the middle pointE of the sideBC. To 
perceive this it is only necessary to consider the trian- 
gle divided into bars parallel to B C, and thence to 
show that it will be balanced on an edge placed under 
k 
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A E. ' ^nce then the centre of gra;vHy of the plate is 
under the line B D, and also under A E, it must be un- 
der the point G, at which these lines cross each other ; 
and it is accordingly at a depth beneath G, equal to half 
the thickness of the plate. 

This niay be ezperimentally verified by taking a piece 
of tin or card, and cutting it into a triangular form. 
The point G being found by drawing B D and A £, 
which divide two sides equally, it will be balanced if 
placed upon the point of a pin at G. 

The centre of gravity of a triangle being thus de- 
termined, we shall be able to find the position- of the 
centre of gravity of any plate of uniform thickness and 
density which is bounded by straight edges, as will be 
shown hereafter. (173.) 

(155.). The centre of gravity is not always included 
within the volume of the body, that is, it is not enclosed 
by its surfaces. Numerous examples of this can be 
produced. If a piece of wire be bent into any form, 
the centre of gravity wiU rarely be in the wire. Sup- 
pose it be brought to the form of a ring. In that case, 
the centre of gravity of the wire will be the centre of 
the circle, a point not forming any part of the wire it- 
self : nevertheless this point may be proved to have the 
^eharacteristic property of the centre of gravity ; for if 
the ring be suspended by any point, the centre of the 
ring must always settle itself under the point of suspen- 
sion. If this centre could be supposed to be connected 
with the ring by very fine threads, whose weight would 
be insignificant, and which might be united by a knot 
or .otherwise at the centre, the ring would be balanced 
upon a point placed under the knot 

In like manner, if the wire be formed into an ellipse, 
or any other curve similarly arranged round a centre 
point, that point will be its centre of gravity. 
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(156.) To find the centre of gravity experimentftlly, 
the method described In (149, 1.50) may be used. In 
Hob case two points of suspension will be sufficient to 
determine it ; for the directions of the Suspending cord 
being continued through the body, will cross each other 
at the centre of gravity. These directions may also be 
found by placing the body on a sharp point, and adjust- 
ing it so as to be balanced upon it. In this case a line 
drawn through the body directly upwards from the point 
will pass through the centre of gravity, and therefore 
two such lines must cross at that point. 

(157.) If the body have two flat parallel surfaces like 
sheet metal, stiff paper, card, board, &c., the centre of 
gravity may be found by balancing the body in two 
positions on an horizontal straight edge. The point 
where the lines marked by the edge cross each other 
will be immediately under the centre of gravity. This 
may be verified by showing that the body will be bal- 
anced on a point thus placed, or that if it be suspended, 
the point thus determined wiH always come under the 
point of suspension. 

The position of the centre of gravity of such bodies 
may also be found by placing the body on an horizontal 
table having a straight edge. The body being moved 
beyond the edge until it is in tiiat position in which the 
slightest disturbance will cause it to fall, the centre of 
gravity will then be immediately over the edge. This 
being done in two positions, the Centre of gravity will 
be determined as before. 

(158.) It has been already stated, that when the body 
is perfectly free, the centre of gravity must necessarily 
move downwards, in a direction perpendicular to an 
horizontal plane. When the body is not free, the cir- 
cumstances which restrain it generally permit the cen- 
tre of giiivity to move in certain directions, but ob^ 



13% THB EX.BMS9T8^0P MSCBARICi. CBAP. IX. 

prived it of the motion commnnicated by the disturbing' 
force. 

(160.) Under the circumstances which we have jast 
described, the body could not maintain itself in a state 
of rest in any position except that in which the centre 
of gravity is, at the lowest point of the space in which 
it is free to move. This, however, is not always the 
case. Suisse it were suspended by an inflexible rod 
instead of a flexible string ; the centre of gravity would 
then not only be prevented from receding from the 
point of suspension, but also from ap|n'oach£&g it ; in 
feet, it would be always kept at the same distemce firom 
it Thus, instead of being capable of moving any- 
where within the sphere, it is now capable of moving 
CO. its surface only. The reasoning used in the last 
case may also be applied here, to prove that when the 
centre of gravity is on either side of the perpendicular 
P F, it will fell towards P F and oscillate, and that if it 
be placed in the line P F, it will remain in equilibrium. 
But in this case there is another position, in which the 
centre of gravity may be placed so as to produce equi- 
librium. If it be placed at the highest point of the 
sphere in which it moves, the whole force acting on it 
will then be directed on the point of suspension, perpen- 
dicularly downwards, and will be entirely expended in 
producing pressure on that point; consequently, the 
body will in this case be in equilibrium. But this state 
of equilibrium is of a character very different from that 
in which the centre of gravity was at the lowest part 
of the sphere. In the present case any displacement, 
however slight, of the centre of gravity, will carry it 
to a lower level, and the force of gravity will then pre- 
vent its return to its former state, and will unpel it 
downwards until it attain the lowest point of the sphere, 
and round that point it will oscillate. 
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(161.) The two states of equilibrium which haye 
l^en just notioedi are called stable and instable equi- 
librium. The character of the former is, that any dis- 
torbanoe of the state produces oscillation about it ; but 
«nf disturbance of the latter state produces a total 
"Oi^rthrow, and finally causes oscillation around the state 
ef stable equilibrium* ^ 

Let A B, fig. 45., be an elliptical board resting on its 
«dge on an horizontal plane. In the position here rep- 
resented, the extremity P of the lesser axis being the 
point of support, the board is in stable equilibrium; 
for any motion on either side must cause the centre of 
gravity C to ascend in the directions C O, and oscilla- 
Hon will ensue. If, however, it rest upon the smaller 
«ndf as in^.'46., the position would s^l be a state of 
•equilibdum, because <he centre of gravity is directly 
alkyve the point of support ; but it would be instable 
equi^brium, became the slighest displacement of the 
centre of gravity would cause it to descend. 

Thus an eg^^ or a lemon may be balanced on the end, 
but the least disturbance will overthrow it On the 
contrary, it will easily rest on the side, and any dis- . 
turbance v^ produce oscillation. 

(168.) When the circumstances under which the 
body is placed allow the centre of gravity to move only 
in an horizontal line, the body is in a state which may 
be called neuiral equiltbrium. The slightest force will 
move the centre of gravity, but will neither produce 
esciUation nor overthrow the body, as in the last two 
eases. ^ 

An example of this state is furnished by a cylinder 
placed upon an horizontal plane. As the cylinder is 
rolled upon the plane, the centre of gravity C,figj 47., 
moves in a line parallel to the plane A B, and distant 
from it by the radius of the cy&ider. The body will 
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thus rest indifiTerently in any position, because the line 
of direction always falls upon a point P at which the 
body rests upon the plane. 

If the plane were inclined, as in Jig. 48., a body 
might be so shaped, that while it would roll the centre 
of gravity would move horizontally* In this case the 
body would rest indifferently on any part of the plane* 
as if it were horizontal, provided the friction be suffi- 
cient to prevent the body from sliding down the plane. 

If the centre of gravity of a cylinder happen not 
to coincide vnth its centre by reason of the want of 
uniformity [in the materials of which it is composedy it 
will not be in a state of neutral equilibrium on an hor- 
izontal plane, as in fig. 47. In this case let G, fig. 4Q^ 
be the centre of gravity. - In the position here repre- 
sented, where the centre of gravity is immediately heUw 
the centre C, the state will be stable equilibrium, becauao 
a motion on either side would cause the centre of 
gravity to ascend ; but in J^» 50., where G is immedi- 
ately above C, the state is instable equilibrium, be- 
cause a motion on either side would cause G to descend, 
and the body would turn into the position^, 49. 

(163.) A cylinder of this kind will, under certain cir^ 
cumstances, roll up an inclined plane. Let A B,^. 
51., be the inclined plane, and let the cylinder be so 
placed that the line of direction from G shall be abov^ 
the point P at which the cylinder rests upon the plane* 
The whole weight of the body acting in the direction 
G D will obviously cause the cylinder to roll towards A, 
provided the friction be sufficient to prevent sliding ; 
but although the cylinder in this case ascendSt the cen- 
tre of gravity G really descends. 

When G is so placed that the line of direction G D 
shall fall on the point P, the. cylinder will be in equilibi 
nvi0i, because its weight acts upon the point gn wbioh 
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it iiests. There axe two cases represented in Jig. 53. 
and Jig, 53., in which G takes this position. Fig* 52. 
represents the state of stable, and Fig. 53. of instable 
equilibrium. 

. (164.) When a body is placed upon a base, its stabili- 
ty depends upon the position of the line of directiofi 
and the height of the centre of gravity above the base. 
If the line of direction fall within the base, the body 
will stand firm ; if it fall on the edge of the base, it will 
be in a state in which the slightest force will overthrow 
it on that side at which the line of direction falls ; and 
if the line of direction fall without the base, the body 
must turn over that edge which is nearest to the line 
of direction. 

In Jig. 54. and Jig. 55., the line of direction G P falls 
within the base, and it is obvious that the body will 
stand firm ; for any attempt to turn it over either edge 
would cause the centre of gravity to ascend. But in 
Jig. 56. the line of direction falls upon the edge, and if 
the body be turned over, the centre of gravity immedir 
ately commences to descend. Until it be turned 
over, however, the centre of gravity is supported by 
the edge. 

In^. 57. the line of direction falls outside the base, 
the centre of gravity has a tendency to descend from 
G towards A, and the body will accordingly fall in that 
direction. 

(165.) When the line of direction falls within the 
base, bodies will always stand firm, but not with the 
same degree of stability. In general, the stability 
depends on the height through which the centre of 
gravity must be elevated before the body can be over* 
thrown. The greater this height is, the greater in the 
same proportion will be the stability. 

U 
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Let BAG, flg. 38., be a pyramid, the cen1a*e of grav- 
ity being at G. To tarn this over the edge B, the cen- 
tre of gravity must be carried over the arch G E, and 
must therefore be raised through the height H E. If, 
however, the pyramid were taUer relatively to its base, 
as in Jig. 59., the height H E would be proportiotililljr 
less ; and if the base were very small in reference to 
the height, as in^. 60., the height H E would be very 
small, and a slight force would throw it over the edge B. 

It is obvious that the same observations may be applied 
to all figures whatever:, the conclusions just deduced* 
depending only on the distance of the line of direction 
from the edge of the base, and the height of the centre 
of gravity above it. 

(166.) Hence we may perceive the principle on which 
the stability of loaded carriages depends. When the 
load is placed at a considerable elevation above the 
wheels, the centre of gravity is elevated, and the car- 
riage becomes proportionally insecure. In coaches for 
tlie conveyance of passengers, the luggage is there- 
fore sometimes placed below the body of the coach ; 
light parcels of large bulk may be placed on Uie top 
-with impunity. 

When the centre of gravity of a carriage is much 
elevated, there is considerable danger of overthrow, if 
a comer be turned sharply and with a rapid pace ; for 
the centrifugal force then acting on the centre of grav- 
ity will easily raise it through the small height which is 
tiecedsary to turn the carriage over the external wheels 
(142). 

(16^.) The same waggon will have greater stability 
when loaded with a heavy substance Which occupies li 
small space, such as metal, than when it carries thd 
same weight of a lighter substance, such as hay ; be- 
cause the centre of gravity in the latter case will be 
mnahmore elevated. 
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If a large table be placed upon a single leg in its 
centre, it will be impracticable to make it stand firm ; 
but if the pillar on which it rests terminate in a tripod, 
it will have the same stability as if it had three legs 
attached to the points directly over the places whwo 
the feet of the tripod rest 

(168.) When a solid body is suj^orted by more points 
than one, it is not necessary for its stability that the 
line of direction should fall on one of those points. If 
there be only two points of support, the line of direc* 
tion must faU between them. The body is in this case 
supported as effectually as if it rested on an edge coin- 
ciding with a straight line drawn from one point of sup- 
port to ihe other. If there be three points of support^ 
which are not ranged in the same straight line, the body 
will be^upportedin the same manner as it would be by a 
base coinciding with the triangle formed by straight 
lines joining the three points of support. In the same 
manner, whatever be the number of points on which 
the body may rest, its virtual base will be found by 
supposing straight lines drawn, joining the several 
points successively. When the line of direction falls 
within this base, the body will always stand firm, and 
otherwise not. The degree of stability is determined 
in the same manner as if the base were a continued 
surface. 

(169.) Necessity and experience teach an animal to 
adapt its postures and motions to the position of the 
centre of gravity of his body. When a man stands, 
the line of direction of his weight must fall within the 
base formed by his feet If A B, CD, ^ 61., be the 
faet, this base is the space A B B C. It is evident, that 
the more his toes are turned outwards, the more con-* 
tracted the base will . be in the direction E P, and the 
mQr^ Uable he will be to fall backwarda or forwards^ 
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Alfio the closer his feet are together, the more contrac- 
ted the base will be in the direction G H, and the moi9 
liable he will be to fall towards either side. 

When a man walks, the legs are alternately liiVed 
from the ground, and the centre of gravity is either un*' 
supported or thrown from the one side to the other* 
The body is also thrown a little forward, in order that 
the tendency of the centre of gravity to fall in the di* 
rection of the toes may assist the muscular action in 
propelling the body. This forward inclination of the 
body increases with the speed of th^ motion. 

But for the flexibility of the knee*joint the labor of 
walking would be much greater than it is ; for the ceok 
tre of gravity would be more elevated by each step. 
The line of motion of the centre of gravity in walking' 
is represented by Jig. 62., and deviates but little from ft 
regular horizoBtal line, so that the elevation of the cen* 
tre of gravity is subject to very sli^t variatioii. But if 
there were no knee-joint, as when a man has wood«B 
legs, the centre of gravity would move as in^. €3., «o 
that at each step the weight of the body would be lifted 
through a considerable height, and therefore the labor 
of walking would be much increased. 

If a man stand on one leg, the line of direction of 
his weight must fall within the space oa which his foot 
treads. The smallness of this space, compared with th^ 
height of the centre of gravity, accounts for the diffi- 
culty of this feat 

The position of the centre of gravity of the body 
changes with the -posture and position of the limbs. If 
the arm be extended from one side, the centre of gravi- 
ty is brought nearer to that side than it was when the 
arm hung perpendicularly. When dancers standing on 
one leg, extend the other at right angles to it, they must 
incline the body in the direction opposite to that in 
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which the leg is extended, in order to hring the centre 
of gravity over the foot which supports them. 

When a porter carries a load, his position must be 
regulated by the centre of gravity of his body and the 
load taken together. If he bore the load on his back, 
the line of direction would pass beyond his heels, and 
he would fall backwards. To bring the centre of 
gravity over his feet he accordingly leans forward? 
/gr.64. . 

If a nurse carry a child in her arms, she leans back 
for a like reason. 

When a load is carried on the head, the bearer stands 
upright, that the centre of gravity may be over his feet. 
In ascending a hill, we appear to incline forward ; and 
in descending, to lean backward, but in truth we axe 
standing upright with respect to a level plane. This is 
necessary to keep the line of direction between the 
feet, as is evident from fig, 65. 

A person sitting on a chair which has no back cannot 
rise from it without either stooping forward to bring the 
centre of gravity over the feet, or drawing back the 
feet to bring them under the centre of gravity. 

A quadruped never raises both feet on the same side 
simultaneously, for the centre of gravity would then be 
unsupported. Let ABC D, fi^. 66., be the feet. The 
base on which it stands is A B C D, and the centre of 
gravity is nearly over the point O, where the diagonals 
cross each other. The legs A and C being raised to- 
gether, the centre of gravity is supported by the legs 
B and B, since it falls between them ; and when B and 
D are raised it is, in like manner, supported by the 
feet A and C. The centre of gravity, however, is often 
unsupported for a moment ; for the leg B is raised from 
the ground before A comes to it, as is plain from ob- 
serving the track of a horse's feet, the mark of A being 
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iippn or before that of B. In the more rapid paces of 
all animals the centre of gravity is at interviftls misup- 
ported. 

The feats of rope-dancers are experiments on the 
management of the centre of gravity. The evoltttion^ 
of the performer are found to be facilitated by holding 
in his hand a heavy pole. His security in this case de- 
pends, not on the centre of gravity of his body, but on 
that .of his body and the pole taken together. T^bis 
point is near the centre of the pole, so that, in fact, he 
may be said to hold in his hands the^point on the posi- 
tion of which the facility of his feats depends. With- 
out the aid of the pole the centre of gravity would be 
within the trunk of the body, and its position could not 
be adapted to circumstances vntti the same ease and ra- 
jgidity. 

(170.) The centre of gravity of a mass of fluid is thtt 
point which would have the properties which have been 
proved to belong to the centre of gravity of a solid, if 
the fluid were solidified without changing in any respect 
the quantity or arrangement of its parts. This point 
also possesses other properties, in reference to fluids, 
which will be investigated in Hydrostatics and 
Pkeumatics. 

(171.) The centre of gravity of two bodies separated 
from one ahother, is that point which would possess 
the properties ascribed to the centre of gravity, if die 
two bodies were united by an inflexible line, the weight 
of which might be neglected. To find this point 
mathematically is a very simple problem. Let A and 

B, Jig* 67., be the two bodies, and a and 6 tiieir centres 
of gravity. Draw the right line a h^ and divide it at 

C, in such a manner that a C shall have the same pro- 
portion to ( C as the mass of the body B has to tfaei 
of the body A. 
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This may easily be veilfied ejq>erimeBtaIly. Let A 
and B he two bodies, whose weight is considerable, in 
comparison with that of the rod a b^ which joins them, 
l^t a fine silken string, wi;th its ends attached to them, 
be bung upon a pin ; and on the same pin let a plumh«> 
line be suspended. In whatever position the bodies 
may be hung, it will be observed that the plumb-line 
'will cYoss the rod a 6 at the 'same point, and that point 
will divide the line ab into parts aC and 60, which 
are in the proportion of the mass of B to the mass of A. 
(172.) The centre of gravity of three separate bodies 
is defined in the same manner as that of two, and tiokf 
he found by first determining the centre of gravity of 
two ; and then supposing their masses concentrated at 
that point, so as to form one body, and finding the cen- 
tre of gravity of that and the third. 

In the same manner the centre of gravity of any 
xmmber of bodies may be determined. 

(173.) If a plate of uniform thickness be bounded by' 
straight edges, its centre of gravity may be found by 
dividing it into triangles by diagonal lines, as in^. 68., 
and having determined by (154) the centres of gravity 
of the several triangles, the centre of gravity of the 
whole plate wiQ be their cbmmon centre of gravity, 
found as above. 

(174.) Although the centre of gr.avity takes its name 
from the fauuiliar properties which it has in reference 
to detached bodies of inconsiderable magnitude, 
placed on or near the surfhce of the earth, yet it pos- 
sesses properties of a much more general and not less 
important nature. One of the most remarkable of 
these is, that the centre of gravity of any number cf 
separate bodies is never affected by the mutual attrae* 
tion, impact, or other influence which the bodies iliajr 
transmit from one to another. This is a necessaxy coop- 
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sequence of the equality of action and reaction ex- 
plained in Chapter IV. For if A and B,/g-. 67^ attract 
each other, and change their places to A' B', the space 
aa* will have to 6 6' the same proportion as B has to A, and 
therefore by what has just been proved (171) th« same 
proportion as a C has to 6 C. It follows that the remain- 
ders a' C and h' C will be in the proportion of B to A, 
and that C will continue to be the centre of gravity of 
the bodies after they have approached by their mutual 
attraction. 

Suppose, for example, that A and B were 12 lbs. and 
8 lbs. respectively, and that a h were 40 feet The poifit 
C must (171) divide a h into two parts, in the proportion 
of 8 to 12, or of 2 to 3. Hence it is obvious that 
a C will be 16 feet, and 6 C 24 feet Now suppose that 
A and B attract each other, and that A approaches B 
through two feet Then B must approach A through 
three feet Their distances from C will now be 14 
feet and 21 feet, which, being in the proportion of B 
to A, the point C will still be their centre of gravi1y> 

Hence it follows, that if a system of bodies, placed at 
rest, be permitted to obey their mutual attractions, 
although the bodies wHl thereby be severally moved, 
yet their common centre of gravity must remain qui- 
escent 

(175.) When .one of two bodies is moving in a 
frtraight line, the other being at rest, their, common cen- 
tre of gravity must move in a parallel straight line. 
Let A and B, Jig. 69., be the centres of gravity of the 
bodies, and let A move from A to a, B remaining at rest, 
*Draw the lines A B and a B. In every position which 
the body B assumes during its motion, the centre of 
gravity C divides the line joining them into parts A C, 
BC, which are in the proportion^ of the mass B. to the 
A. Now, suppose any number of lines drawn 
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finom B to the line Aa ; a parallel C c to A a through G 
dividea all these lines in the same proportion ; and 
Uierefore, while the body A moves from A to a, the 
common eentre of gravify moves from C to c. 

If beth ihe bodies A and B moved uniformly in 
straight lines, the centre of gravity would have a mo- 
tion compounded (74) of the two motions with which it 
would be affected, if each moved while the other re- 
mained at rest. In the same manner, if there were 
three bodies, each moving uniformly in a straight line, 
their common centre of gravity would have a motion 
compounded of that motion which it would have if one 
remained at rest while the other two moved, and that 
which the motion of the first would give it if the last 
twa remained at rest ; and in the same manner it may 
beiffoved, that when any number of bodies move each 
in a fitmght line, their common centre of gravity wiH 
have a motion compounded. of the motions which itTe- 
ceives from the bodies severally. 

It may happen that the several motions which the 
centre of gravity receives from the bodies of the system 
wUl neutralize each other ; and this does, in fact, take 
place for such motions as are the consequences of the 
mutual action of the bodies tqion one another. 

(176.) If a system of bodies be not under the imme- 
diate influence of any forces, and their mutual attrac- 
tion be conceived to be suspended, they must severally 
be either at rest or in uniform 'rectilinear motion in vlr^ 
tue of their inertia. Hence, their common centre oi 
gravity must also be either at rest or in uniform recti- 
linear motion. Now, if we suppose their mutual attrac- 
tions to take effect, the state of their common centre of 
gravity will not be changed, but the bodies wUl severally 
receive motiona compounded of their previous uniform 
rectilinear motions and those which result from their 



144 THE xtxHSxita or MKotuntet. etu3f» fit 

mutual attractioiis. The combined efibcts will csqw 
each body to revolve in an orbit round the common cen- 
tre of gravity, or will precipitate it towards that poiiit 
But still that point will maintain its former state undis- 
turbed. 

This constitutes one of the general laws of mechani- 
cal science, and is of great importance in physical as- 
tronomy. It is known by the title ^* the conservation 
of the motion of the centre of gravity." 

(177.) The solar system is an instance of the class, of 
phenomena to which we have just referred. All the 
motions of the bodies which compose it can be traced to 
certain uniform rectilinear motions, received from aoae 
former impulse, or from a force whose acti<m has been 
suspended, and those motions which necessary^ oeault 
from the principle of gravitation. But we shall not 
here insist further on this subject, whisfa more pioperi^ 
bMongs to another department of the science. 

(178.) If a solid body.sufier an impact in the direc- 
tion of a line passing through its centre of gravity, all 
the particles of the body will be driven forward with 
the same velocity in lines parallel to the direction of 
the impact, and the whole force of the motion will be 
equal to that of the impact The common velocity a£ 
the. parts of the body will in this case be determined by 
the principles explained in Chapter lY. The impelling 
force being equally distributed among all the parte, the 
velocity will be found by dividing the numerical value 
€ji that force by the number expressing the mass. 

If any number of impacts be given simultaneopaly to 
different points of a bo4y, a certain complex motion wiE 
generally ensue. The mass will have a relative motion 
round the centre of gravity as if it were fixed, while 
that point will move forward uniformly in a straight 
line, oairying the body with it The relative motion of 



I 
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tiM mais nniiid the centre of gravity may be fimiid by 
connderisg the centre of gravity aa a fixed point, round 
which the maaa is free to move, and then determining 
the moti(m which the applied forces would produce. 
This motion being supposed to continue uninterrupted, 
let all the forces be imagined to be applied in their 
proper directions and quantities to the centre of gravity. 
By the principles for the compocation of force they will 
be mechanically equivalent to a sin^e force through 
that point. In the direction of this single force the 
centre of gravity will move and have the same veloci- 
ty as if the whole mass were there concentrated and 
received the impelling forces. 

(179.) These general properties, which are entirely 
ittdepeodent of gravity, render the << centre of gravity " 
an inadequate title for this important point. 8aae 
I^iysieal vmters have, consequently, called it the ** cen- 
tre of inertia." The " centre of gravity," however, is 
the name by which it is still generally designated. 



CHAPTER X. 

TH£ ItECHAKICAIi PROPERTIES OF AN AXIS. 

(160.) When a body has a motion of rotation, the 
line round which it revolves is called an eusia. Every 
point of the body must in this case move in a circle, 
whose centre lies in the axis, and whose radius is' the 
distance of the point fironr the axis. Sometimes while 
the body revolves, the axis itself is movable, and not 
infrequently in a state of actual motion. The motions 
of tJi^^u^ and planets, or that of a common spuming- 
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tois tare. «ia«ip)fe& of Hda* Tinn cmsMi^ hmmrertrwUdi 
wiU be eoDsidered m tke preient chftpfce, ase cUd^ 
tboae iiiwhieib the axis is iiovuMrabley ef at least wfaan 
Hs HMytlou haAno roliiiieii to the. phencaaeaA luider in- 
TeatigAtioB. IiMitAncea of this ara.so fkequent aiiid o¥- 
YiQUs^ that it seeioe aoaroely neoesaaiy t9 partacuiaoBa 
tbeni« Wheel-work of every desorqiiiaii, the aooviag 
pBurtM of watches aad clock% tuning lathea, mill^wai^ 
4k)or9 and lids oa hiagea, are ail obvious examidea. In 
tDola Of other instruments which work on joints or ^voAa, 
such aaeQia0ore^ shears, pincers, altheuf^ the joial or 
pivot be not absolutely fixed, it is to be conaidesed ao in 
reference to the mechanical effect. 

In some casesi as in meet of the wheels ef w^tchee 
aild olo^kfl, fly-wheels and chunks of tbe taimmg latiM, 
«Ad the arms of wind^mills, the body tuina oMilinuaUar 
inthe same direction, and each of its poiiilia tramiBas a 
tOB^ete circle during every revolution of the bWgr 
round Ub asi& In. other instances Ibe motioa i»^allat- 
nate or reciprocating, its direction being at intervals 
reversed. Such is the case in pendulums of clocki^ 
balance-wheels of chronometers, the treddle of the 
lathe, doors and lids on hinges, scissors, shears, pincers, 
&c. When the alternation is constant and regular, it 
is called oscillation or vibration, as in pendulums and 
balance-wheels. 

(181.) To explain the properties of an axis of rota- 
tion it will be necessary to consider the dUhrent kinds 
of forces to the action of which a bpdy mQVwble: cti 
i^uch an axis may be submitted, to show how this a«tioii 
depends on their several quantities apd diDectioii^ to 
distinguipth the cases in which tho forces nentrallDe 
each other and mutuary equilibrate from theee in wIMi 
n»tiE)n, ensues, to^ determine the effect which the ima 
aiiffeifi, and),in the case9.irb«re «Mition is pmkoMfl} %» 



€t^bakt4 tlk« «fib6tl ^ those c^trifttgd fbt^ei^ (187.) 
i^leM «r« «r(Mted by thd tnads of the body whirlihg^ 
ft»(ltid the aidii. 

f\M(«d9 Ri general hdve beeti didtitaguished t>y the dU<> 
ration of their action into instantaneous and continued 
fbtce^. The effect of an instantaneous force is ptoiu- 
. •d'd in ifli infinitely »hort time. If the bbdy which sus* 
ihitB mcfh an action be pteviously quiescent and free^ 
It wifi tac^ With a uniform telocity in the direifitioh df 
tfn^lnifRressed foi«e. (^.) If, bn the other httnd, ih«i 
hi^ Iw jhA, fr^, but so resttidned that the impuise C«Lti^ 
Am {mtit In nidticm, then the fi!;ted p^ntd or litteii ttiiicM 
resist the motion sustain a Corresponding dhock at fhfl 
fllodMMit 9t ti&e impulse. This effect, which itA Called 
ptMUssum^ if like tile force wtikh ciiuses it, Instaii^fie^ 



A tMOttMi fme pnodoodd a Continiied eifbct. If 
ikiB bddy b% a^e and pre^ui^y (luiescent, thi« eff^t II 
a QOMtfaiiaat increiAe of v^ocity. If tile body be so ¥6^ 
0lnin«d HiM the applied ibroe ctinnot put ft in moiioAj. 
Urn eflbcst is « continued pressure on the p6intd or iinetl 
which sustain it. ^4.) 

:' It may happen however, that although the body be 
not absolutely f¥ee to move in obedience to the fbrc^ 
«ppfie»d to it^ yet still it may not be altogether so t&- 
strained as to resist the effect of that fbrce and retnaM 
«t i^est If the point at which a force is applied be free 
to move in a certain direction not coinciding with that 
of the acppOied force, that force WDI be resolved into twb 
elements ; one of which is in the direction in Which the 
pQiflt ift free to move, and the other at right dngles t6 
liMit direction. The point Will move in ebedienCe to, 
the ibroier element, and the latter will produce percti^- 
Biob er pressure on the points or lines which r^tralh 
Hm todf . In fkbct, in such eas^s the ttsi^tun^ ^ffbred 
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by the circttmcitaBces which confine the motbn of the 
body modifies the motion which it receives, and as every 
change of motion must be the consequence of a force 
applied (44.), the fixed points or lines which offer the re- 
sistance must suffer a corresponding efiTect* 

It may happen that the forces impressed on the body, 
whether they be continued or instantaneous, ve such 
as, were it &ee, would communicate to it a motion 
whiiih the circumstances which restrain it do not forbid 
it to receive. In such /a case the fixed points or lines 
which restrain the body sustain no force, and the phe- 
nomena will be the same in all respects as if these 
points or lines were not fixed. 

It will be easy to apply these general reflections to 
the case in which a solid body is movable on a fbie^ 
axis. Such a body is susceptible of no motion except 
oae of rotation on that axis. If it be submitted to the 
action of instantaneous forces, one or other of the fid- 
lowing effects must ensue. 1. The axis may resist the 
forces, and prevent any motion. 2l The axis may mod- 
ify the effect of the forces sustaining a correspondingf 
percussion, and the body receiving a motion of rotatiom 
9. The forces applied may be such as would canse the 
body to spin round the axis even were itnotfixed^in 
which case the body Mrill receive a motion of rotation, 
but the axis will suffer no percusiRon. 

What has been just observed of the ^fi^t of instan- 
taneous forces is likewise applicable to continued ones» 
X. The axis may entirely resist the effect of such 
forces, in which case it will suffer a pressure which 
may be estimated by the rules for the composition of 
jforce. 2. It may modify the effect of the api^ied 
forces, in which case it must also sustain a pressure, 
and the body must receive a motion of rotation which is 
wbjQct to constant varjii^tion, owing to the incessant ae- 



ticm of the.foi^ces. 9» ITie feicesmay besuch as w^mLd 

Qomaiujiicate to the body the same rotatory motion if the • 
axis were not fixed. In this case the forces will pro- 
duce no pressure on the axis. 

The impressed forces are not the only causes which 
i^ct the axis of a. body during the phenomenon of ro- 
tation. This species of motion calls into action other 
forces depending on the inertia of the mass, which 
j^oduce effects vpon the axis, and which play a prond* 
nent part in the theory of rotation. While the body, 
revolyes on its axis, the component particles of its mass. 
iQOve in circles, the centres of which are placed in the 
axis. The radius of the circle in which each particle. 
qaoyes is the line drawn from that particle perpendicular 
to the axis. It has been already proved that a particle 
of matter, having a circular motion, is attended with a 
centzifugal force proportion^ to the radius of tb^ 
circle in which it moves and to the square of its anguXap , 
Telocity^. When a solid body revolves on its axis, aU 
its parts are whirled routid together, each performing 
a complete revolution in the same time. The angular 
vdiocity is consequently the same for all, aqd the differ^ 
ence of the centrifugal forces of different particles 
must entirely depend upon their distances from the axi^ 
The tendency of each particle to fly from the axis, aris^ 
ing firom the centrifiagal force, ^s resisted by the fio^e" 
mon of the ports of the mass, and in general this teit* 
dancy is expended in exciting a pressure or strain upoa 
the axis. It ought to be recollected, however, tliat this' 
fWQSsuxe or strain is. altogether di0e|:ent from.tbat al- 
ready mentioned, and produced by the fprc^s which 
give motion to. the body. The latter depends entirely 
upon the quantity and directions of the iipplied forces i^ 
Tdation to the axis : the fonner depends, on the 6(p9^^ 
mi itanaly of the bp^y , and tb« yslpoi^ of i^^, m^^^ 



Th«ee 'very c6tti]il6i efl^tA t^n^r A tiftiplij «na ^U^ 
menttiy expositioiii of the meehanical pn>pertieB of & 
fixed sads a matter of connderable difficulty. Indeed^ 
the complete mathematical developement of tkk theory 
Ion; eluded the 6kill of the most acute ^eometeni^ and 
it was only at a eompax^yely late period tiiat it yielded 
to the searching andyisid of modem scieiKse. 

(182.) To commence ^th the most simple cBm^ we 
ghall consider the body as submitted to the action of ti 
sbgle force. The effbct of this fbree will tary aocotd*^ 
ing to the relation of its direction to that of the axilla 
There are two ways in which a body may be oonceitre4 
to be movable around an axis. 1. By having' pivots aS 
two points which rest in eockets, so that when the bo^ 
b moved it must revolve round the tight line JoiniA|^ 
the pivots as an axis. 2. A thin cylindrical tod mapf 
pass through the body, on which it may turn ia ite 
game manner as a wheel upon its axle* 

If the force be applied to the body in the directioa'^^f 
Qkt axis, it i£r evident that no motion can entfue, and the 
effect produced will be a pressure on that pivot towa>d« 
which the i^ce is dit«cted. If in this case the body 
fffttAvt^ on a cylindrical rod, the tendency of the fttoe 
woifld be to make it slide along the rod witlioiil rewAv^ 
ing round it 

Let ushext suppose the force to be applied net m tin 
d!rl»ction of the axis itself, but parallel to it. Let A B^ 
Jig. 70., be the axis, and let C D be the dii^^otioii of thm 
fbrce appfied. Hie pivots being supposed to be at A 
and B; diaw AG and Bt^ perpendicttlat to AE. Tlsf 
to/tee C t> will be equivalent to thr^ foittei^ one abtkif 
frdtn B towards A, et^uttl k qnan^ty to the foree GfiL 
This fbrce will evideiitly p»od^e# a ootteepoiHrug 
^teesmrOOntiiepivot A. The otfaer twtt fotfoea wtt l»t 
it the direetiomr A« and BF, end will h«#« 
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lively to the force C D the saine proportion as A E has 
to A B. Such will be the mechanical effect- of a ibrce 
C D parallel to the axis. And as these eflbcts are aU 
directed on the pivots, no motion can ensue. 

If the body revolve on a cylindrical rod, the ibices 
A G and B F wonld produce a strain upon the axis^ 
mrhile the third force in the direction B A would have a 
tendency to make the body slide alon^ it 

(183.) If the force applied to the body be directed 
upon the axis, and at right angles to it, no motion can 
be produced. In this case, if the body be supported by 
pivots at A and B, the force K L, perpendicuhur to the 
line A B, will be distributed between the pivots, produ- 
cing a pressure on each pr<^portional to its distance from 
tke other. The pressure on A having to the presBore 
on B the same proportion as L B has to L A. 

If the force K H be directed obliquely to the axis, it 
will be equivalent to two forces (76.), one KL perpen- 
dicular to the axis, and the other K M parallel to it 
The eflfect of each of these may be investigated as in 
the preceding cases. 

In all these observations the body has been soj^Msed 
to be submitted to the action of one force only. if. 
several forces act upon it, the direction of each cithern 
crossing the axis either perpendicularly or obliqaely, or 
taking the dnrectaon of the aJds or any parallel direo- 
tioi^ their effects may be similarly investigated. In the 
same manner we may determine the efiects of any num- 
ber of fbrces whose combined results are mechanically 
equivalent to forces which either intersect the axis or 
are parallel to it 

(184.) If any force be applied whose direction liei^ 

a plane oblique to the axis, it can always be resolved 

into two elements (76.), one of which is parallel to the 

axis, and the other in a plane perpendicular to it The 

»3 



efllK^of the.fbnuer has l^een already 46teniuiied, aoA 
Iberefore we shall at present coofino our attention to 
the latter. 

Suppose the axis to be perpendicular to the papei^ 
ftsd to pass through the point G, Jigl 71., and let A B O 
he ft sedion of the body. It will be ctuivenient to con*- 
aider the section vertical and the axis horizontal, <Hnit- 
ting, however, any notice of the e£^t of the weight oT 
the body. 

L^ a weight W be suspended by a cord Q W frcMnr 
any point Q. This weight will evidently have a ten-- 
descy to turn the body round in the direction A BC; 
Let aaother cord bea;ttached to any other point P, and^ 
being carried over a wheel R, let a dish S be attached 
to it, aii4 let ine sand be p<Mired into this dish until the 
tendency of S to turn the body round the axis in the 
direction of C B A balajaces the opposite tendency or 
W. Let t^e weights of W and S be then exactly 
ascertaineid) and also let the distanqes 61 and 6H of 
the cords from the aw be exactly measured. It will 
be found that, if the number of ounces in the weight 3 
he multiplied by the number of inches in 6 H, and also 
t(ie i]ium)}er of oujo^es in W by the nwnber of inches ii| 
OI, equal pcoducts will be obtained. This expenaimt 
inay be v^kried by varying the position of the wheel R» 
and thereby changing the direction of th,e string P B, 
in which cases it will be always found necessary to vary 
1^ weight of S in such a manner, tjbat when the num- 
ber of ounces in it is multiplied by the pnmiber ii^inphes 
in the distance of the string from the axis, the p^rpr 
duct obtained shall be equal to that of tb/e weight W 
hy the dist^ce G L We have here used <)vnces ^d 
inches as the xpca^u^es of weight an4 djstK^^ce ; but it 
is obvious that any other measures would be equally 
jB^pplicable. 
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Ihrom wlMt has been just eteted it fidlows, that the 
energy of the weigfht of S to move the body on its aads, 
does not depend alone upon the actual amount of that 
weight, hat also upon the distance of the string from 
the axis. If, while the position of the string remains 
nnaltezed, the weight of S he increased or diminislied, 
the resisting weight W must be increased or diminished 
In the same proportion. But if, while the weight of 9 
remains unaltered, the distance of the string P R fhrni 
the ajQs 6 be increased or diomushed, it will be found 
necessary to increase or diminish the residing weight 
W in exactly the same proportion. It therefore ap- 
pears that the increase or diminution of the distance of 
tkne directi<« of a force fnmi the axis has the same 
efibct upon its power to give rotation as a similar in- 
increase or c&ninution of the force itself. The power 
of a force to produce rotation is, therefore, accurately 
estimated, not by the fcurce alone, but by the product 
found by multiplying the force by the distance of its 
dnrection from the axis* It is frequently necessary in 
meehanioal science to refer to this power of a force, 
and, accordingly, the product just mentioned has receiv- 
ed a particular denomination. It is called the moment 
of the force round the axis. 

(18&) The distance of the direction of a force from 
the axis is sometimes called the leverage of the force. 
The mement of a force is therefore found by mnltiply- 
iog the force by its leverage, and the energy of a given 
iioce to turn a body round an axis is proportional to the 
leverage of that force. 

« From aU that has been observed it may easily be in- 

lerred that, if several forces affect a body movable on 

• an axis, having tendencies to turn it in different direc- 

-"tions, they will mutually neutralize each other and pii>. 

^uce equilibrium, if the sum of the moments of those 

ii 
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foveas which tead to tpm the body in one imt^m be 
eqoal to the emu ci the moments of those which tend 
to tern it in the opposite direction.. Thus, if the foioe* 
A,ByC,... tend to turn the body Iram right to left, an«l 
the distances of their directions from the sjds be Oyi^ 
e, • . • and the forces A', B', C, . • « tend to move it fim 
left to right, and the distances of their directions from 
the axis be a', I^, c', . . . ; then these forces will produce 
equilibrium, if the products found by mnkiplyuig the 
ounces in A, B^ €, . • . reepeetiYely by the inches m a, ft, 
e,... when added together be equal to the produets 
foimd by multiplying the ounces in A^B'^C, ... by 
the inches in a^&',€',..-. respectively when added to* 
gcther. But if either of these sets of products when 
added together exceed the other, the corresponding set 
of forces will prevail, and the body will revolve on ite 
axis. 

(186.) When a body receives an impulse in a dime* 
tion perpendicular to the axis, but not crossing it, a 
uniform rotary motion is produced. The velocity of 
this motion depends on the force cf the impidse, the 
distance of the direction of the impulse from the axie, 
and the manner in which the mass of the body is dift* 
tributed round the axis. It is to be considered that the 
whole force of tiie impulse is shared amongst the vari- 
ous parts of the mass, and is transmitted to them from 
the point where the impulse is applied by reascm of the 
cohesion and tenacity of the parts, and the impossibililgr 
of one part yielding to a force without carrying aH tlM 
other parts with it The force applied acts upon those 
particles nearer to the axis than its own direction under 
advantageous circumstances ; for, according to whathae 
been already explained, tl\eir power to resist the effect 
of the applied force is small in the same propoition with 
their distance. On the other hand, the applied force icte 



4Hlii9.X. HOVi^II Bd^inrV AH 4X18* 195 

upon partkles of t^e bmuis, «t a gretAer digtaiice tlum 
its own directioD, under ciicmnstanees pivoportioiMLUj 
disadyaiitageoas ; for their resistance to the applied, 
iforce is great in proportion to their distances from the 



liet C D, Jig^ 73., be a section of the body by a plade 
paaaing through the axis A B. Suppose the impulse to 
be applied at P, perpendicular to this plane, and a( the. 
distance P O from the axis. The effect of the impulse 
being distributed through the mass will cause the body 
to revolve on A B with a unifonn velocity. There is a 
certain point G, at which, if the whole mass were con- , 
centrated, it would receive from the impulse the same 
velocity round the axis. The distance O G is called the 
radius of g^m^on of the a«is A B, and the point G is 
called the centre q/* f^aXiont relatively to that axis. 
The effect of the impulse upon the mass concentrated 
at G is great in exactly the same proportion as O G is 
wam)L This easily follows from the property of mo* 
m^ita which h^ been already explained ; from whence 
it may be infen?ed, that, the greater the radius of gyra* 
lioii 90^ the less will be the velocity which thie body will 
fpceive fimi| a given impulse. 

(137.) Since the radius oi gyration depends on the 
mimner in which the mass is arranged round the axis, it 
f^Qm§ tfaajt for different axes in the same body there 
will be different radii of gyration. Of aU axes taken 
ii9 the 993^ body paraUel to each other, that which 
Pf90^ tbricmgh the centre of gravity has the least radi- 
us of gyration. If the radius of gyration of any axis 
passing through the centre of gravity be given, Uiat of 
4tny parallel axis can be found ; for the square of the 
' nutofl of gyration of any axis is equal to the square of 
the .distance of that axis from the centre of gravijby ad- 
ded t» th^ sqilare of the radius of gyration <tf the pa^- 
i^lel axis through the centre of gravity. 
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(188.) The product of tke numerieal expressions for 
the mass of the body and the square of the radius of 
gyration is a quantity much used in-mechaidcal science, 
and has been called the moment of inerHa. The mo^ 
ments of inertia, therefore, for difierent axes in the 
same body are proportional to the squares of the corre- 
sponding radii of gyration ; and consequently increase 
as the distances of the axes from the centre of gravity 
increase. (187.) 

(189.) Prom what has been explained in (187.), it 
follows, that the moment of inertia of any axis may be 
computed by common arithmetic, if the moment of in- 
ertia of a parallel axi^ through the centre of gravity be 
previously known. To determine this last, however, 
would require analytical processes altogether unsuitable 
to the nature and objects of the present treatise. 

The velocity of rotation which a body receives ftetof 
a given impulse is great in exactly the same proporticni 
as the moment of inertia is small. Thus the moment 
of inertia may be considered in rotatory- motion asalo^ 
gous to the mass of the body in rectilinear motion. 

From what has been explained in (187.) it fbUewB 
that a given impulse at a given distance Iran ike azyi 
will communicate the greatest angular velocity when 
the axis passes through the centre of gravity, and that 
tiie velocity which it will communicate round other axes 
wSl be diminished in the same proportion as the squares 
of their distances f^om the centre of gravity added to 
the square of the radius of g3nration for a parallel axis 
through the centre of gravity are augmented. 

(190.) If any point whatever be assumed in a body^ 
and right lines be conceived to diverge in all directions 
from that point, there are generally two of these liaes^ 
which being taken as axes of rotation, one has a grealr- 
er and the other a less moiQent of inertia than any of 
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ewit be tiie nmture of the body» Whatever be ks Bhap«i, 
and whatever be the poiitioa of the pmni aMumed^ 
thesd tvTo aaces of greatest and least Boment will 41- 
wvjfU b« at right angl^ lo each oth«r« 

Theee asees and a third through the same point, wtnk 
at right angles to both of them, are called the piiiMiipA 
aMU Of that point ftom n^uoh they ^verge. To Ibrm a 
distiaet notion of theiar relative position, let the axis of 
ip^cfeest moment be inlagiaed to lie horiseontaDy lirota 
ilMth 10 souths and the axis of least moment from east 
to w«st; lOien the third [trincipal axis will be presented 
peiyowdtMlarly upwards and downwards. The firet 
tW0 being' called the principal axes of greatest and 
least moment, the third may be called the iviehtiMdiuA4 

(101.) Although the moments of the throe prinoipal 
iUMs be in general miequal, yet bodies may be Ibund 
havaiig certain axes for whiihh t^ies^ moments nutybf 
teppd. In Seme oases tfafe naoBient Of the intermediaM 
axis is ecpnl to that of the principal axis of g9Mt« 
est moment ; in otheiB is is equal to that of the prihoi^ 
pal axis of least moaicnt, and in othe» the momenta of 
afl th4 three principal axM ue eqaal to each othel; 

If the moments of any two of three principal axes Mk 
mpmif tie moments of all axes through the same point 
Mad iia tiieir pkuoe will also be equal? and if the nM^ 
nmnta of the three pruieipal axes through a point \m 
oquali^liEe 'mAnenis of all axer whatev«r» thil»ttg^th# 
sAffio psint, win be e^uaL 

(10!i) If the mottienU of tfad jivinicipal axes thesttg4 
the centre of gravity be known, the ttKHSfSiAa foir afl 
0tfaar aoQte throogh tint fnint may be easily eos^ted. 
Te^ffeet thieit is esiy neoesBaiy to muUiply theml^- 
satntsof th^fWBCsipa aaes by the sqanro# dflhttisf- 
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iiiiet.of the aagkB fanned bgrthem reppectMyv^ 
the toda whose moment is dought. The products beings . 
added together will give the required moment. 
. (193.) By combining this result with that of (189.)»it 
will be evident that the moment of all axes whatever 
may be determined, if those of the principal axes 
through the centre of gravity be known. 
'. (194.) It isobvious that the principal axis of least mo-, 
ment through the centre of gravky has a less moment 
of inertia than any other axis whatever. For it fafUES by 
its definition (190.), a less moment of inertia than any. 
other ima through the centre of gravity, and every othet 
axis through the centre of gravity has a less momeni^ of 
Inertia than a parallel axis through any other point 
(187.) and (189.) 

(195.) If two of the principal axes through the eesr 
tve of gravity have equal moments of inertia, all a^es 
in. any plajoe paxallel to the plane of these axfl8,^aad 
passing through the point where a perpendieiil«r fion 
the centre of gravity meets that plane, must have eqi^al 
mmnents of inertia. For by (191.) all axes in the plane 
of those two have equal moments, and by (189.) th* 
axes in the parallel plane have m<Hnents which exceed 
these by the san^e quantity, being equally distant from 
lhem,(187.) 

Hence it is obvious that if the three pcine^pal 9am 
thfongh the centre of gravity have equal moiiients, all 
•xes situated in any given plane, and passing through 
ihe point wheure the perpendicular fiom the centxe ai 
gravity meets that plane, will have equal momenli^ 
^ij»g equally distant £rini parallel axes through the 
iCeiMare of.g^vity. 

. (196w) If the three jMincipal axes through the centre 
•eC gravity have unequal moments, there is ao pcnat 
whtft(ft?er fer which aD axes will htve equal 
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but If the pnneipal azii of l«aflt moment aad tke inter* 
mediate princ^ol axis through the centre of grevitf 
hare equal moments, then there will he two pcMSte on 
the principal axis of greatest moment, eqaally distant 
at opposite sides of the centre of gravity, at which alf 
axes will have equal moments. If the three principal 
axes throogh the centre of gravity have eqnal moments, 
no other point of the body can have principal axes of 
eqnal moment 

(197.) When a body revdves on a fixed axis, the 
parts of its mass are whirled in circles round the axis; 
and since they move with a common aagolar velocity 
they will have centrifbgal forces proportional to theiif 
^stances from the axis. If the component parts of the 
mass were not united together by cohesive forces of 
energies greater than these centrifiigal forcee, they 
would be separated) and would fiy off from the axis ;- 
but their cohesion prevents this, and causes the efi^cti 
&f the diffisrent centrifugal forces, which affect the 
diArent parts of the mass, to be transmitted so as to 
modify each other, and finally to produce one or mord 
forces mechanically equivalent to the whole, and vriiich 
are exerted upon the axis and resisted by it We pro* 
pose now to exjdain these effects, as far as it is possible 
to render them intelligible without the aid of mathe* 
maticallanguage. 

It is'ohvious that any number of equal parts of the 
mass, which are uniformly arranged in a circle round 
tbe axis, have equal centrifugal forces acting from the 
centre of the circle in every direction. These mutually 
neutralize each other, and therefore exert no force oil 
the axis. The same may be said of all parts e€ the 
mass which are regularly and equally dieitribttted on 
every side of the azia* * 
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Oj^osite cades <^ Ihe loia, their oentrifofttl fiirceft ti^9i 
de^tioy ea«h.Dtk(r. Hqbo^ it Appean timt the pn^ 
•ure which Uie axis of rotetkm sintakui fitm the cen^ 
trifugal foreeti of the revohing nUtsa^ ariws from thto> 
. QACiqtttl digtrtbutaon of the malter ajnund it 

Ftem this reasoiiilig it will he easily ^etvemid tiiatr 
an the foUowiBCT examples the asilB c^ rotation w^ 'euB<- 
tain no pressure. 

A glohe tevQlvinf oneny of its ^ametrans, the densi- 
ty h«^ the seme Hi equal distances from the centra. 

A .iipherold og m lejlinder rereivin^ on its axiSy tfaa 
Aensity hcing e%inl At oqnal distances from the axis* 

A cuhe 9&^mg. on «a tods vMtk passes tiwoisgih 
tbe e«9rtre . of two oppottite baiei) ibeidf of >«iiieni 
4eiisity« 

A c«ieukr pljatte <if hmfbnn tidcfauBss md ^eiisity 
ffv^iog^^oaoae of its ^ametetrses ansias. 

(Ida.) In aH laiese azamides it wiH be eb^ttved tiiilt 
the. axis of xotfttien passes threngh the ceittrc of gravis 
^^ The geneni ^onein^ of which they aiie only p«r< 
tioulsr ADstaiices) Is, '<-if nhody revdlye on ft prineqial 
axis, passing thnwgh tiie oei^e of fravity, the exis 
Will sustain no pressure from the centTifagid force of 
the revohring mass." This is a proper^ » wfafasfaths 
principal axes through liie centre of gravity are taoqate* 
TJhere is no other axis on which a body cocdA revolve 
Without pressure* 

- If two of the principal axes through &e centre cl 
ftanty have equal moments, every axis in thdr phne 
has tlu» same moment, and is to be Considered equally 
•a a principal axis* in this case the body would re^ 
volve on any of these ases without pressure. 
' A homogeneous spheroid furmshes an example ef 
this. If any of the diameters of the earth's equator 



Mtb» thiM prineiiitl vxet through tiie centre of gmv- 
itjir tev« 9q^ momeali^ all «xe« tiuroogh tibe eenlre of . 
geayity are to he considered et prmeifMl ezes» In thii 
case the body would revolve withoal pi O MU ie on anjr 
ewithioiighth;e eentre of grsnty* 

A glohe» ia which the denoty of the mess at equal ' 
diataaces from the centre ia the aaae, m an ezaanple of 
tbia. Such a hody woidd reToive witlioat preaanre on 
any azia through ita centre. 

(199.) Since no pressure ia excited on the axeain 
theae caeea* the atate of the body will not be changed, 
if during ita rotation the azia ceaae to be fixed. The 
hody will notwithstiwdlng continae to revdTe round the 
wua, and the axis will maintain ita poaition* 

Thua a spinmng-top of homogeneona material and 
syminetiical form will revdve ateadily in the same 
pQBiiMa^ onttl the friction df ite poiat witii the aurAbce 
ott which it rests deprivea it of motion. Thia ia a phe- 
nomenon which can only be ezhibiled when the axfr 
of rotation is a principal axia through the eentre of 

(^ttXK) If the body revolve round any axis through 
the oentire of gravity, which ia not a principal aiia, tfaie 
eentvifrigal pressure is repreeented by two forcea, 
whioh are equal and parallel, but which act in opposite 
dilutions on different points of the aada. The effect of 
theae foicea is to produce a strain upon the axin^ and 
ipve the^body a tendency to move rousd another axis 
at n|^ imgles to the former. 

(aoi.) If the fixed aria on which a body revolves 
be a pHnoipal axia through any point different from the 
oentfe of gravity, then a pressure wffl be produced bf 
IkM cen^nfugai ioroe of the rercdving maaa, and tUa 



fresMire win act at rigbt angles to the axis ontlie peiiit 
to which it is a* principal axis, and in tlie plane Hirotigli 
^at axis and the centre of gtsvitf . The amount of 
'ihe pressure will be proportional to the mass of the 
hod/, the distance of the centre of gravity firmn the 
«xis, and the square of the velocity of rotation. 

(20^) Since the whole pressure is in this case ex- 
ited on a single point, the stabilitsr of the axis will not 
'%e disturbed, provided that point alone be fixed. So 
that even though the axis should be free to turn on that 
point, no motion will ensue as long as no external 
linrces act upon the body* 

(903.) If the axis of rotation be not a principal axis, 
the centrifugal forces will produce an eflbct which can- 
not be represented by a single force. The effect maybe 
understood by conceiving two forces to act on different 
points of the axis at- right angles to it and to each other. 
The quantities of these pressures and their directions 
depend on the figure and density of the mass and the 
position of the axis, in a manner which cannot be ex- 
plained without the aid of madiematical language and 
principles. ^*^. 

(804.) The effects upon the axis which have beeh now 
explained are those which arise from the motion of ro- 
tation, from whatever cause that motion may have aris- 
en. The forces which produce that motion, however, 
are attended with effects on the axis which still remain 
to be noticed. Wlien these forces, whether they be of 
the nature of instantaneous actions or continued forces, 
are entirely resisted by the axis, their directions must 
severally be in a plane passing through the axis, or 
they must, by the principles of the composition of force 
[(74.) et seq.], be mechanically equivalent to forces in 
that plane. In every otiier case the impressed forces 
must produce motion, and, except in certain cases, must 
also produce effects upon the axis. 



OBAV* X. PKXSSUftB UPON AS AXIS. 163 

By the mles for the conqioeition of foxce kia po»- 
mble in all cases to resolve the impressed forces into 
others which are either in planes through the axis, or 
in planes perpendiciilar to it, or, finally, some in planes 
through it, and oth^s in planes perpendicular to it 
The effect of those which are in planes through the 
auds has been already, explained ; and we shall now 
confine our attention to those impelling forces which 
act at right angles to the axis, and which produce 
motion. 

It will be sufficient to consider the effect of a single 
force at right angles to the axis ; for whatever be the 
number of forces which act either simultaneously or 
successively, the effect of the whole will be decided by 
combining their separate effects. The effect which a 
single force produces depends on two circumstances, 
1. The position of the axis with respect to the figure 
and mass of the body, and, 2. The quantity and direc- 
tion of the force itself. 

In general the shock which the axis sustains from the 
impact may be represented by two impacts applied to 
it at different points, one parallel to the impressed 
force, and the other perpendicular to it, but both perpen- 
dicular to the axis. There are certain circumstances, 
however, under which this effect will be modified. 

If the impulse which the body receives be in a direc- 
tion perpendicular to a plane through the axis and the 
centre of gravity, and at a distance from the axis which 
bears to the radius of gyration (186.) the same propor- 
tion as that line bears to the distance of the centre of 
gravity from the axis, there are certain cases in which 
the impulse will produce no percussion. To character- 
ize these cases generally would require analytical 
formulas which cannot conveniently be translated into 
ordinary language. That point of the plane, however, 
k 



\*rJiere the aitfecffoti 6f ih^ 'mpt^s^A ibtefr tft^et* it, 
whfeii iid itetcUssioia (to thie Aids is t)ifddtlced, k cal!^ 
thd ccfifrc of percu^&ion. 

If the axis of rotAtidii b€i' a |)rincipd Axis, the centrt 
bfperdtissiori must b^ in the fight linfe di'awh throiigh thife 
centre of gratify, intetsecting the axiiB W tight angles, 
&nd at the distance f^om th6 axis fibeady exi^hiined. 

If the axis of rotation be parallel to a piincipal ftjdfr 
throiiuh the centre of gravity, the centre of pereusdicnx 
will be determined in the same manner. 

(205.) There are many positions which the axiar may 
have in which there will be no centre of percussion ; 
that is, there will be ho direction in which an impulse 
could be applied without producing a shotek upon the 
axis. One of these positions is when it is & princi- 
pal (Eixis through- the centre of gravity. This is the 
only case of rotation round an axis' iii which no ^S6^X 
arises firom~the cfentrifugal for(ie ; and therefore it fbl- 
lows that the only case in which the axis sustains no 
ctfect from the motion produced, is one in which it fhust 
necessarily suffer an effect from that Which produces, 
the motion. * 

tf tbe body bd acted upon by continued forces, thfeir 
effect is at each instant determined ^by the genetal 
principles for the coinposition of force^ 



CHAPTER XI. 



ON THE P£ND1?B13M. 



(206.) When a body is placed oh ah horizontal Itxis 
which does not pass through its centre of ^rKvitfj it 



fviU irckpiaiA Id perma^ei)^ ^qnilibriuni poljr w|ieo th? 
centre of gravity is i|Qi|i^diately below tke lixi^. {f 
tlsus point be placed ia apy other situAtiop, tl^e body wiU 
Oscillate £rom ^ide to^ide, vnlil tine atmospherical resist^ 
jm^e und the friotioA q( ti^ axis 4e/9troy its motion- 
11^, 160.). Such a body l» <^led a ;?^<2iiJHm, Th^ 
^w'mging jni»tLop wl^ich it risceiy^ ia called osoiUp4iim 

(907.) The u«e of ^ peaduluQiy Aot pnly for pbi}io^ 
si^hical jMupose^^MUin.^e wdiaary j^ommy oi]ii% 
s^i^ti it |i M^ject ci cop^id^rable i4^pQr^ac^. K 
f^mhea tb^ v^sx ^zapt m^^iui of mef^url^g tima, im4 
of determining with precision variouB natural phenofik- 
^VMu 9j ita Jneaps the vari^^tion of tiie fQrp^ pf gravity 
^.different lati^f? i? dincovpredt «od th^ Iaw of tbftt 
jj^imatipD £j(pfiria^ii|Ally ^idiibited. In th^ pfesej^ 
j;}l«l{^% wie fNcppos^ to. exp]^ the g^f^pr^ principle 
<«fKhiohx^«]A^ tjlt^ ojicilla^ i9f ponduliun;), MiffH^ 
4iejtaila ^l?^ic(9i;|ung their CK^f^^tion will ))e given ^i 
the twenty-first chapter of this yplume 

(SO&J A P^iniple peiidulum is composed of n ]l|9avy 
jjnolecule attached to the end of & flexible dn^aid, and sua- 
^pe^ded by a £xed ppint O^. 7^. Wh^n the peadulMJia 
is placed in the posjliofi O C, the molecule being v«rti- 
<caUy below the poinjb of sjuspepsion, it will remain in 
equilibrium ; but if it he drawn into the position O A 
imd there liberated, it will descepd towiurds C, moving 
Ihrough the are AC with -accelerated motion, ijavipg 
anrived at C and acquired a ^certain velocity, it will, by 
reason of its inertia, continue to move in the same di- 
rection. It will therefore commence to ascend the ^c 
C A' with ti^e velocity so acquired. Dur^ its ascent*- 
the weight of the molecule retards its motion in exact- 
ly the same manner as it had acpelepEitied iCif^ descend* 
jng ^tm A toC ; and when the mp^ecule k^ as^n4^ 
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throngh the arc C A' equal to C A, its entire velocity 
will be destroyed, and it will cease to move in that di- 
irection. It will thus be placed at A' in the same man- 
ner as in the first instance it had been placed at A, and 
consequently it will- descend from A' to C with accele- 
rated motion, in the same manner as it first moved from 
A to C. It will then ascend from C to A, and so on, 
continually. In this case the thread, by which . the 
molecule is suspended, is supposed to be perfectly 
flexible, inextensible, and of inconsiderable wei^it. 
The point of suspension is supposed to be without fric^ 
tion, and the atmosphere to offer no resistance to the 
motion. 

It is evident from what has been stated, that the 
times of moving from A to A' and from A' to A are 
equal, and will continue to be equal so long as the pen- 
dulum continues to vibrate. If the number of vibra- 
tions performed by the pendulum' were registered, and 
the time of each vibration known, this instrconent 
would become a chronometer. 

The rate at which the motion of the pendulum is ac- 
celerated in its descent towards its lowest position is 
not uniform, because the fi>rce which impels it is con- 
tinually decreasing, and altogether disappears at the 
J)oint C. The impelling force arises from the effect of 
gravity on the suspended^ molecule, and this effect is 
always produced in the vertical direction AV. The 
greater the angle O A V is, the less efllcient the force 
. of gravity will be in accelerating the molecule : this 
angle evidently increases as the molecule approaches C, 
which will appear by inspecting Jig. 73. At C, the 
force of gravity acting in the direction C B is totally 
expended in giving tension to ihe thread, and is inefll- 
cient in moving the molecule. It follows, therefore, 
that the impelling force is greatest at A, and continu- 



allf dtmii^bes from A to C, where it altogetlier ftniiii- 
es. The same observtiticmB wfll be I4>i^cable to the 
retarding force frosi C to AS and to the accelerating 
fiorce from A' to O, and so on. 

When the length of the thread and the intensity of 
the force of gravity are given, the time of vibration 
depends on the length of the arc A C, or on the mag- 
idtnde of the angle A O C. 11^ however, this angle do 
not exceed a certain limit of magnitude, the time <^ 
▼itfration wffl be subject to no sensible variation, how- 
ever that angle may vary. Thus the time of oscillation 
wfll be the same, whether the angle A O C be 2^, or 1^ 
SCV, or lo, or any lesser magnitude. This property of a 
pendulum is expressed by the word ifocftrtmwin. The 
flitrict demcmstration of this property depends on. mathe^ 
matical principles, the details of which would not be 
suitable to the present treatise. It is not difficult, how- 
ever, to explain generally how it ha|^ens that the same 
penduhun wiU swing through greater axid smaller arcs 
of vibration in the same time. If it swing from A, 
the force of gravity at the commencen^ent of its motion 
impels it with an effect depending on the obliquity of 
the lines O A and AY. If it commence its motion 
from <E, the impelling effect from the force of gravity 
wMl be considerably less than at A ; consequently, the 
pendulum begins to move at a slower rate, when it 
swings irom a than when it moves from A : the greater 
magnitude of the swing is therefore compensated by 
the increased velocity, so that the greater and the 
smaller arcs of vibration axe moved < througli in the 
same t^Doe. 

(909.) To establish this property experimentally, it is 
only necessary to suspend a small ball of metal, or othr 
er heavy substance, by a flexible thread, and to put it 
in a state of vibration, the entire arc of vibration 
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mftBKtw^xg4Po»5^f^ne ftiotidnonilhe.^okiftaf cr2»« 
pension and otihi«r causes will gradmlly. diaaiiiiflii tie 
arc of vibration, so that after the lapse of some hoon it 
will be so small, that the motion will scascdy be dis- 
cemed: without microscopic aidw^ If the vibmtioa/of 
tikis pendulum be obsevfed in, reference to a correQt 
^mekeepev, at the commencement; at the* mid^Be^ and 
towards the end of its motion^ the raAa wiU be Ibimd to 
suflbr no sensible chang e< 

This remarkable law of isoChvoniam wafr ene^olt the 
earliest discoveries of Galileo. It ia said, that when 
very yoongf, he observed a chandelier suspended from 
the* roof of a church inPisa swinging with a pendoloas 
motion, and was struck with the unxformity of Uiue rate 
even when the extent of the swings was suliseot to evi- 
dent variation. 

(^lOi) It has been stated in (117.) tiiat the athraetiai 
of gravity affects all bodies equally, and movesr them 
with the same velocity^ whatever be the nature, or quan- 
tity of the materials of which they are* composed* 
Since it is the force of gravity which moves, the.pmidiir 
lum, we should therefove expect that the oircumstaissefl 
of that motion should not b6 affected either by the 
quantity or quality of the pendulous bpdy. And we 
find this, ill' fact, to be the case ; for if small pieoea of 
different heavy substances such. as. lead, brssi^ vrovj^ 
d&c, be suspended by fine threads of equal length, th^ 
will vibrate in the same time, provided their weights 
hear a considerable proportion to the atmospherical ne^ 
aistance,or that they be suspended in vacuo, 

(211.) Since the time of vibration of a penduhui^ 
which oscillates in, small arcs, depends neither on the 
magnitude of Ihe arc of labratiGa^ nor on tiie quali^ or 
weight of the pendulous body, it wfll be necessacy to 
explain! the circumstances on wiuch the vadation o^ 
this time depends. 



Tbe fint loid iBO0t stiikiAf (rf^tkefecveuBiflteiiecwk 
tiie length of the suspending thread. The rudest ez*- 
penmente will demenstrste the fapt^ that every increase 
in the len^ of this thread will jfifodiice a correspond- 
ing incresjie in the thne of vibration \ but according to 
nffliailaw does this increase proceed ? ' If the loigth of 
thfl thread be doubled or trebled, will the time of vihra- 
tkni also be increased in a double or treble proportion ? 
This problem is capable of exact mathematical solution, 
sttd the result a^ws that the time of vibration increase 
«s not in the proportion of the increased leng^ <^ the 
thready hut as the square root of that length ; that is to 
WKfy if the length of the thread be increased in a.fonr- 
ibU proportiou, the time of vibration will be augmented 
in a two^fold proportion. If the thread be increased to 
nine times its length, the time of vibration will be treli^ 
led, and so oiu This relation is exactly the san^e as 
timt which was proved to subsist between the spates 
Ihrottgh which a body Ma freely, sjd^ the times of fiifl* 
In the table, page 89^ if the figures representing the 
keight be understood to express the length of different 
pendidmns, the figures immediately above them will 
•exproM the corresponding times of vibration. 

This law of the proportion of the 1 engths of pendu- 
Inms to the squares of the time of vibration may be ex- 
perimentally established in the followiDg manner:--*^ 

Let A,B, C,^. 74 , be three small pieces of metal 
each attached by threads to two points of suspension, 
and let them be placed in the same vertical line under 
the point O ; suppose them so adjusted that the distan- 
ces O A, O B, and O C shall be in the i»>op'ortion of the 
numbers 1, 4, and 9* Let them be removed from the 
vertical in a direction at right angles to the plane of the 
paper, so that the threads shall be in the same plane, 
and therefore the three penduluias will have the same 
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angle of vibration. Beii^ now lil>erated, the pendu- 
lum A will immediately gain upon B, and B upon C, so 
that A will have completed one vibration before B or C. 
At the end of the second vibration of A, the pendulum 
B wdUhave arrived at the end of its first vibration, so 
that the. suspending threads of A and B will then be 
separated by the whole angle of vibration ; at the end 
of the fourth vibration of A the suspendiiig threads of 
A and £ will return to their first position, B having 
completed two vibrations ; thus the proportion of the 
limeis of vibration of B and A- will be 2 to 1, the pro- 
portion of their lengths being 4 to 1; At the, end of 
the third vibration of A, C will have completed one 
vibration, and the suspending strings will coincide in 
the position distant by the whole angle of vibration 
Irom their first position. So that three vibrations of A 
are^performed in the same time as one of C : the pro- 
portion of the time of vibration of C and A are, there- 
fore, 3 to 1, the proportion of their lengths being 9 to 1, 
conformably to the law already explained. 

(212.) In all the preceding observations we have 843- 
Bumed that the material of the pendulous body is 'of 
inconsiderable magnitude, its whole weight being con- 
ceived to be collected into a physical point. This ia 
generally called a simple pendulum ; but since the con- 
ditions of a suspending thread without weight, and a 
heavy molecule without magnitude, cannot haVe practi- 
cal existence, the simple pendulum must be considered 
as imaginary, and merely used to establish hypothetical 
theorems, which, though inapplicable in practice, are 
nevertheless the means of investigating the laws which 
govern the real phenomena of pendulous bodies. 

A pendulous body being of determinate magnitude, 
its several parts will be situated at different distance9 
from the axis of suspension. If each component part 
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of such a body were 8e|>aratel]r coimected with the axis 
of suspension hy a fine thread, it would, if unconnect- 
ed with the other particles, be an independent mmple 
penduhim, and would osciUate according to the laws 
.-already explained. It therefwe follows that those par- 
ticles of the body which are nearest to the axis of sos- 
jpension would, if liberated from their connection with 
-tiie others, vibrate more r«^idly than those wluch are 
jmore remote. The connectioii, however, which tiie 
particles of the body have, by reason of their solidity, 
«xsnpels them all to vibrate in the same time. Consa- 
<<quently, those particles which are nearest the axis are 
^eluded by the slower motion of those which are more 
TemcAfc ; while the more remote particles, on the other 
jiand, are mged forward by the greater tendency of the 
nearer particles to rapid vibration. This will be more 
xeadily comprehendei, if we conceive two particleis of 
matter A and B,/g'. 75.,*q i,^ connected with the same 
jLxis O by an iriflexiWe wirv q q^ th^ weight of which 
may be neglected. If B werv removed, A would vi- 
brate in a certain lame dcpendi^. ^p^^^ ^^ distance 
^ A. If A were removed, and B pi^ed upon the wire 
at a distance B O equal to (bur times \ o, B would vi- 
brate in twice the former time. Now if w^th be placed 
on the wire at the distances just mentioned, \he tenden- 
cy of A to vibrate more rapidly wiD be tTbniRnitted to 
JB by means of the wire, and will urge B forward more 
quickly than if A were not present : <m the other htnd, 
the tendency of B to vibrate more slowly will be tram- 
nutted by the wire to A, and Will cause it to move m<w« 
Blowly than if B were not present. The hiflexible 
quality of the connecting wire will in this case coiitipd 
A and B to vibrate simultaneously, the tiwe of Mbrfctioil 
being greater than that of A, tmd less than thut tif B, if 
each vibrated onoonnected with the other. 
U 
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Ift Bitfteftd of supposinf two particles of matter 
.placed on the wire, a greater number were supposed to 
he pkced at various distances from O, it is evident the 
same reasoning would be applicable. They would mu- 
tuaUy aflfect each other's motion ; those placed nearest 
to point O accelerating the motion of those more re- 
mote, and being themselves retarded by the latter. 
Among these particles one would be found in which all 
these effects would be mutually neutralized, aU the par- 
ticles nearer O being retarded in reference to that mo- 
tion which they would have if unconnected with the 
rest, and those more remote being in the same respect 
accelerated. The point at which such a particle is 
placed IS called the centre of oscUlatwn. 

. What has been here observed of the effh^its of pap- 
tides of matter placed upon rigid \rire will be equally 
appUcable to the particles of « solid body. Those 
which are nearer to the a^ a^re urged forward by 
those which are more v^te, and are in their turn 
retarded by them; ^ a» With the particles placed 
«pon the wire, ther*^ a certain particle of the body at 
which the effect' are mutimlly neutralized, and which 
vibrates in the>«ne time a« it would if it were uncon. 
nected with eh* ©ther parts of the body, and shnplv 
comiectedi^y a fine thread to the axk By this cen^; 
of oscilUtic^ the calculations respecting Uie vibration 
of a ^IM body are rendered as simple as those of a 
molecule of mconsiderable magnitude. AU the proper- 
tes wbch have been explained as belonging to a 3e 
pendulum may thus be transferred to a vibratiJgS 
of any magBitude and figure, by considerS^ it al 
eq^xvalenttoasingle particle of matter vibra4 au" 
centre rt osciUation. * 

W y* ^°"T! *"" ^^ '^'«""^' ««^ the virtual 
lei^ti of apwdohm. i. to be eatinated by the diZw 
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of its centre of OBCillation htim t3ie «ni of swpeiMioiiy 
and therefore that the times of vibration of diffisreat 
]>endi]ltuxi8 are m the same proportion aa the equare 
roots of the distances of their centres of oscillation from 
tbexr axes. 

The investigation of the position of the centre of 
oscillation is, in most cases, a subject of intricate math- 
ematical calculation. It depends on the magnitude and 
figure of the pendulous body, the manner in which the 
mass is distributed through its volume, or the density 
of its several parts, and the position of the axis on 
which it swings. 

The place of the centre >of oscillation may be d^ 
termined when the position of the centre of gravity and 
the centre of gyration are known ; for the distance of 
the centre of oscillation from the axis will always be 
obtained by dividing the square of the radius of gyra- 
tion ^(186.) by the distance of the centre of gravity 
' from the axis. Thus if 6 be the radius of gyration, and 
9 the distance of gravity from the axis, 36 divided by 
9, which is 4, will be the distance of the centre of oa- 
cillation from the axis. Hence it may be inferred gen- 
erally, that the greater the jvoportion which the radius *- 
of gyration bears to the distance of the centre of 
gravity from the axis, the ^eater will be the distance 
of the centre of oscillation. 

It follows from this reasoning, that the length of a 
pendulum is not limited by the dimensions of its vol- 
ume. If the axis be so placed that the centre of grav^ 
ity is near it, and the centre of gyration comparatively 
removed from it, the centre of osciUaiion may be placed 
far beyond the limits of the pendiUous body. Suppose 
liie centre of gravity is at a distance of one inch from 
the axis, and the centre of gyration 12 inches, the co^ 
tre of oscillation will then be at the difftmice of 144 
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kiobefl, «r 19 Hm*. Such a pvadidiHa naf mt a ili 
gveateflt dimensioiis exceed one foot,«Bd fBt its tkne^f 
vibration would i»e «<%9al to tliat 4>f a eiiBiae poBdaiafli 
wbose leD^ is 12 feet 

By these means pendulums of small dimeosioBs nif 
he made to vibrate an idowiy as snaj be desixed* The 
instnimmite called 4iiefrMieme«, used for jnarfciiig 1k» 
time of musical ^rfexmances, are comtrueted 4»a<&i8 
prinoifde. 

(914.) The centro of oeciUaltieii is 4isli]ie:«as^d bf a 
'very remarkable propeitty in rektioii to tiie axis of sus- 
j^eoaioTu If A, Jig. 76., be the point of stii^^aiacMi, aad 
-O the oonespoiidttif «eHtre of esofflation, the tine of 
'vOmtieB of fhe poidslum "wfll Bot be 'diaaifed if it be 
laised from Us support, inverted, and suspended fien 
the point <X It foMoirs, therefme, tiwit if O be takeBes 
ate point of saspension, A w^ be the ^eo rrr ee peiriBBg 
centre of oscillation. These two poMs are, thesefiMe; 
^onyertible. This property may be verified ezpennMiH 
talfyinthe IbUowing manner. A pendidum being* pot 
into a state of vibration, let a small heavy body he su»- 
^pended by a fine thread, ^le length of which Is ee a8* 
justed that it vibrates (nmcdtaneously with the pendalum* 
Let the distance from the point of suspension to the 
-centre of the vibrating body be measured, and take this 
distance on the pendulum from the axis of suspension 
downwards ; the place of the centre of oscillation will 
thus be obtained, since the distance so measured from 
the axis is the length of the equivalent simple pen^- 
Ima. • If the pendulum ^e now raised from its suj^Mirt, 
inverted, and suspended from the centre of osciilalion 
thus obtained, it will be found to vilnrate simultaneously 
with the body suspended by the thread. 

{S15.) This propMty ei tiie interchangeable nature «t* 
Hie centres of oseyiatioa and anspensira has beeB| at a 



l9te peii^A ftdiH»tB4 liig^Oapla&B Kftter^ att an ucaMte 
■leaoa of detorminiiig Uie length of a pendulum* 
Haviag a^oertaiaed with- gmat aceuiacjr two points of 
jwflpePBion at which the same body wiU vibrate in the 
aaiae timoy the distance be^een these pmnts being 
aci^urateiy measured, is the lengfth of the equivaleilt 
simple pendulum. See Chapter XXI. 

(31^6;) The manner in which the time of vibratitm of 
a pendulum depends on ito length being explained, we 
«re next to cenaider how this time is aifected by the 
allraetion of gravity. It is obvious that, since the pem- 
4akun ia moved by this attraction, the ra^Mdity of ite 
motioBrwU be increased,, if the impelling force receives 
any augmentation*; but it still is to be decided, in what 
exact proportion the^ time of oacilhution will be dimin«- 
iriie4. by any proposed increase in* the inteiinty of the 
earth's attraction. It can be demonstrated matiiemati^ 
«aUy, that the time of cme: vibration of a pendtlumhas 
the same proportion to the time o^ falling ftealy. in the 
fespendicular direction, through a height equal to half 
H^ lenigth of the pendulmnj.i^the ciBcnmferenoe of a 
cin^a has to its diameter. Si^ce^ therefore, the times 
of vibxation of peujiidums -are. i^ a- fixed pr<^rtioa to 
tiie times of idling freely through spacea equal to the 
liytlves of their lengths^ it foUowa tixat Uiese; times have 
the same, relation to the fonce of attrafstton-as the times 
of faJLUng freely through their, length have te that 
force. If the intensity of the force of gcavityi weteta^ 
creased, in a fbur-fi>ld proportion, th^ time of falling 
throug]^ a given h^eight would bf9 diminished inatwo^ 
fold proportion; if the intensity w>exe increased to a 
i|ine-i[aLd .proportion,. the time, of &lling l^ougih a given 
space would be diminished in a* throorfold proportion, 
^la^^ ao on; thp rate.of diiwnUcmof thetime being 
always as the square root of the increaaed f<NN)e» J^ 
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what has heisn ju^ stated this law win also he applica- 
hle to the vihration of pendulums. Any increase in 
the intensity of the force of gravity would cause a giv- 
en pendulum to vihrate more rapidly, and the increased 
rapidity of the vihration would he in the same propor- 
tion as the square rocft of the increased intensity of the 
force of gravity. 

(217.J The laws which regulate the times of vihra- 
tion of pendulums in relation to one another heingweH 
understood, the whole theory of these instrunjents will 
he completed, when the method of ascertaining the 
actual time of vihration of any pendulum, in reference 
to its length, has heen explained. In such an investi- 
gation, the two elements to be determined are, 1. tiie 
exact time of a single vibration, and, S. the exact dis- 
tance of the centre of oscillation from the point of sus- 
pension. 

The -former is ascertained by putting a pendulum in 
motion in the presence of a good chronometer, and 
bbserving^'precisely the number of oscillations whid 
are made in any proposed number of hours. Tile en* 
tire time during which the pendulum swings, bein^ 
divided by the number of osciDations made during that 
time, the exact time of one oscillation wiU be obtained. 

The distance of the centre of oscillation from the 
fK>int of suspension may be rendered a matter of easy 
calctdation, by giving a certain uniform figure and ma- 
terial to the pendulous body. 

(318.) The time of vibrati(m of one pendulum of 
jEDOwn length being thus obtained, we shall be enabled 
immediately to solve either of the following problems. 
« ««To find the length of a pendulum which shall vi- 
brate in a. given time." 

" To find the time of vibration of a pendulum of a 
given length.*' . . 
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The former is solved as follows : the time of nbratioa 
of the known pendulum is to the time of vibration <^ 
the required pendulum, as the square root of the 
length of the known pendulum is to the square root of 
the length of the required pendulum. This length is 
therefore found by the ordinary rules of arithmetic. 

The latter may be solved as follows : the length of 
the known pendulum is to the length of the proposed 
pendulum, as the square of the time of vibration of the 
known pendulum is to the square of the time of vibra- 
tion of the proposed pendulum. The latter time may 
therefore be foiind by arithmetic. 

(219.) Since the rate of a pendulum has a known re- 
lation to the intensity of the earth's attraction, we are 
enabled, by this instrument, not only to detect certain 
variations in that attraction in various parts of the 
earth, but also to discover the actual amount of the 
attraction at any given place. 

The actual amount of the earth's attraction at any 
given place is estimated by the height through which a 
body would fall freely at that place in any given time, 
as in one second. To determine this, let the length 
of a pendulum which would vibrate in one second at 
that place be found. As the circumference of a circle 
is to its diameter (a known proportion), so will one eeo- 
ond be to the time of falling through a height equal to 
half the length of this pendulum. This time is there- 
fore a matter of arithmetical calculation. It has been 
proved in (120.), that the heights, through which a body 
falls freely, are in the same proportion as the squares of 
the limes ; from whence it follows, that the square of 
the time of falling through a height equal to half the 
length of the pendulum is to one second as half the 
length of that pejidulum is to the height through 
which a body would fall in one second. This height. 
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(^ao.) Tq coBipiure jtba force of g^ftvity in differwit 
)M)|9 of U»0 cartth it i«i pniy »e«<^ssftrjr to «wi»g ftit 
sam^ peadolHia in ^^ places under ^iMideratiom ^b^A 
to olwerre tiie rftpi4Uy of iU v^>ratioiw, T3be pirnyor- 
Ijoa of t^e fpi^e of gsit^ i« the ^veral ^ace^ wili>9 
libk»t of the aqu^oA of tSbtd Y^ocHy of Uie viboriitioii^ 
Oi^^jrv»tuHM. to this effect M^re been mftdo l^ fOV^fill 
l^)«oe9> hj Biol^ Kater, SAbioei «d4 Qtkwfh 

The earth being a imm ^ AMttter of j| fonpi AOfNribr 
fy)heric#lt fevolviag with ^^o^^ideraWk valocity on an 
^cisyits «onap<34i^t parte w^ i^ffecM h^ aoe^trifiii^ 
Avoes w nrtue of whicJi, ^My^avo % tig^niknAjr ;to fly 
^ i9 a (lurectio^ porpoodifiiilajr 1)9 th9 Ajci^* This t^^ 
4ciioy iiHsroiiees ki the tame ^to^^^im m ih^ 4i9(MKf 
of any part from the axis '\»a^e^m^ <^»i QomWW^^y 
those parts of the eiirth whsQh «ro ^biu the e%)iftto]i^ -Are 
more styo^g^ mSected j>y this iafloe^cfi thftn tii^pe 
.near the pole* It has hoen »)ready es^lfoiieii 04?)'th^ 
4he %ui:e of the earth is afisQted hy ^ ce«se« a^j 
that it has aoquire4 « 4pheroi4Al fom> Th^ ce9itnfi«0«l 
Ibrcoi acting in oNM9sition to the eartii^ at^sction* #- 
sBiqishes its effects; a«d coime^t^tjy, where this fturce 
is more e^eienl^ a peuduluip wiH vihH^le masp 9k>wly» 
3y jftese nieaos the rate of vihinutioa ^f a pendiihisa 
becomes an indi(»atioa of the amowit of the i&eiitiBffigsi 
lbi«e» Btft this ktter viuies in prqportioft to tite disr 
ieace of the phice from the eiirth's axis ( a^d thus th^ 
grate of a penduhim indicab^s the relation of the distaor 
4;€e cS difihftextt parts of the earth's sitrfsAo from hvs 
•foda. The iigure of the eari^ may be tlius ascertained, 
«94 tta^t which theory assigofl to U, it mny be praottoair- 
JiyjpmreAtDh«¥9. 



yt^ ln^ihrnt, iM ncrt the oldf metlM Iff iHiieh tii« 
%ure 6f tb« earth may be dettnained. The tteiidiaa* 
bemg seetiofifl of the earth thnmgh ittf axk, if tiieir 
figure were eftaetij det^iteimd^ that of the e«Hlh 
"^oold he known. Measnrements of area of mefidiafii 
tx6 a lar^ acale hav^ been exeieiited, and are still befttg 
made in variotts paits of the earth, with a view to de^ 
Cermine the curvature of a meridian at different latt'- 
ttidee« This method is independent of eveiy hypothe* 
i^ie concerning the density aiid internal structhre Of th^ 
earth, and is colii^dered by some to be snscfeplttyle of 
-nsorO aOcirhiey thaii that which depends oik ^e obser- 
iratidiis of pendnlmms. 

(281.) It has been stated that, when the are Of vibra'- 
tion of a pendidum is not very small, a variation in its 
length Will produce a sensible effect on the time of vl- 
l>ratioti« To construct a pendulum such that tho time 
tff vibratioh litay be independent of the eictent of \kb 
iWing, Was a favoifite speculation of geometers. This 
pt!^lem was solved by Huygens, who a^Wed that the 
curve called a eydoid, previously discovered and d^ 
treribed by Galileo, possessed tho isochronal property ; 
that is, that a body moving in it by the force of gravity, 
Would vibrate in the same time, whatever be the lengtii 
of the arc described. 

Let O A, fig. 77., be a horizontal line, ancl let O B be 
a circle placed below this line, and in contact with it 
If this circle be rolled upon the line from p towards A, 
a poiAt upon its circumference, which at the begihning 
Of thO motioh is placed at O, Wil! during the tnotion 
tttUJO th^ ctirve O C A. Thlts tutve is called a tyehid. 
If thi6 citcle be Supposed to roll in the opposite direction 
towards A', ihe same point wiH trace another cycloid 
OC A'. Th^6 points C and C being th6 lowest points 
of thfe tvttt^^ if tie perpohdiciiiart C B toid C* B' *e 
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dfawQ, tbef •'will xespsctively be eqiud to the daameter 
Ckf the circle. By a known properl?jr of this carve, the 
arcs O C and O C' are equal to twice the diameter .of 
the circle. From the point O suppose a flexible thread 
to be suspended, whose length is twice the diameter of 
the circle, and which sustains a pendulous body P at its 
extremity. If the curves O C ajid O C, from the pLone 
of the paper, be raised so as to fiarm surfaces to which 
the thread may be applied, the extremity P will extend 
to the points C and C\ when the entire thread has been 
applied to either of the curves. As the thread is de- 
flected on either side of its vertical position, it is ap- 
plied to a greater or lesser portion^!" either curve, ac- 
cording to the quantity of its deflection firom the verti- 
cal. If it be deflected on each side untU the point P 
reaches the points C and C, the extremity would trace 
a cycloid C P C precisely equal and similar to those 
already mentioned. Availing himself of this property 
of the curve, Huygens constructed his cycloidal pendu- 
lum. The tvne of vibration was subject to no variation, 
however the arc of vibration might change, provided 
only that the length of the string O P continued the 
same. If small arcs of the cycloid be taken on either 
side of the point P, they will not sensibly differ from 
arcs of a circle aesCriuSd Tith the centre O and the 
radius OP; for, in slight deflections from the ver- 
tical position, the eflfect of the curves OC and OC 
on the thread O P is altogether inconsiderable. It is 
for this reason that when the arcs of vibration of a 
circular pendulum are small, they partake of the prop- 
erty of isochronism peculiar to those of a cycloid. 
But when the deflection of P from the vertical is 
great, the effect of the curves O C and O C on the 
thread produces a considerable deviation of the point 
P from the aro, rf t^i^ cjiQ^e whose centre is O and 
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whose ra^Kiis is O P, and corts^qaffoAf the p r op erty of 
iiK>chroiiism will no long^er be obserred in the circnlcr 
pendulum. 



CHAPTER Xn. 



OF SIMPLE HACHIKESk 



^222.) A MACHINE is an instrument by which force 
or motion may b^ transmitted and modified as to its 
quantity and direction. There are two ways in which 
a machine may be applied, and which ^ve rise to a di- 
vision of mechanical science into parts denominated 
STATICS and DTiTAMics; the one including the theory 
of equilibrium, and the other the theory of motion. 
When a machine is considered statically, it is viewed 
as an instrument by which forces of determinate quan* 
tities and directions are made to balance other forces of 
other quantities and other directions. If it be viewed 
dynamically, it is considered as a means by which cer- 
tain motions of determinate quantity and direction 
may be made to produce other motions in other direc- 
tions'! and quantities. It will not be convenient, how- 
ever, in the present treatise, to follow this division of 
the subject We shall, on the other hand, as hitherto, 
consider the phenomena of equilibrium and motion to- 
gether. 

The eflfects of machinery are too frequently described 
in such a manner as to invest them with the appearance 
of paradox, and to excite astonishment at what appears 
to contradict the results of the most common experi- 
ence. It vdll be our object her^ to take a different 
I 
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course, and to .ftHenipt to sbow that those effects wMoh 
have been held up as matters <ff astonishmenl; ace the 
necessary, natural, and obvious results of causes ad^t- 
ed to produce them in a manner analogous to the ob- 
jects of most familiar experience. 

(223.) In the application of a machine there are three 
things to be considered. 1. The force or resistance 
which is required to be spstained, opposed, or overcosaei 
2. The force which is used to sustain, support, or over- 
come that resistance. 3. The machine itself by which 
the effect of this latter force is transmitted to the for- 
mer. Of whatever nature be the force or the resistance 
which is to be sustained or overcome, it is technically 
called the weighty since, whatever it be, a weight of 
equivalent effect may always be found. The force 
which is employed to sustain or overcome it is techni- 
caUy called the paioer. 

(224.) In expressing the effect of machinery it is 
usual to say that the power sustains the weight ; but 
this, in fact, is not the case, and hence arises that ap- 
pearance of paradox which has already been alluded to. 
If, for example, it is said that a power .of one ounce 
sustains the weight of one ton, astonishment is not 
unnaturally excited, because the fact, as thus stated, if 
the tenns be literally interpreted, is physically impossi- 
ble. No power less than a ton can, in the ordinary ac^ 
ceptation of the word, support the weight of a ton. It 
will, however, be asked how it happens that a machine 
appears to do this ? how it happens that by holding a 
silken thread, which an ounce weight would snap, many 
hundred weight may be sustained ? To explain this it 
will only be necessary to consider the effect of a mar 
chine, when the power and weight are in equOibriunu 

($^5.) In every machine there are som6 fixed points 
x>r props ; and the arrangement of the parts is always 
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utixih^ tbatllie pressure, excited by the poiwer or weight, 
or both, is distributed emong Hiese props. If the 
weight ftmoant to twenty hundred, it is possible so to 
distribute it, that any proportion, however great, of it 
may be thrown on the fixed points or props of the ma- 
diiae ; the remaining part only can* properly be said to 
be supported by the power, and this part can never be 
greater than the power. Considering the eflbct in this 
way, it appears that the power supports just so much of 
the weight and no more as is equal to its own force, 
and that all the remaining part of the weight is sus- 
tained by the machine. The force of these observa- 
tions will be more apparent when the nature and prop- 
erties of tiie mechanic powers and other machines have 
been explained. 

<2d&.) When a machine is used dynsmically, its ef- 
fects are explained on different principles. It is true 
that, in this case, a very small power may elevate a very 
great weight ; but nevertheless, in so doing, whatever 
be the machine used, the total expenditure of power, in 
raising the weight through any height, is never less 
than that which would be expended if the power were 
immediately applied to the weight without the inter- 
vention of any machine. This circumstance arises 
from an universal property of machines by which the 
velocity of the weight is always less than that of l^e 
power, in exactly the same proportion as the power 
i^lf is less than the weight ; so that when a certain 
power is applied to elevate a weight, the rate at which 
the elevation is effected is always slow in the same pro- 
portion as the weight is great. From a due considera- 
tion of this remarkable law, it will easily be understood 
that a machine can never diminish the total expendi- 
ture of power necessary to raise any weight or to over- 
come any resistance. In such cases, all that a machine 
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ever doesi or eyex caa doy is to enable the pow^ to be 
e;cpended at a slow rate, and in a mere adv^tageouft 
direction than if it were immediately applied to the 
weight or the resistance*^ 

Let us suppose that P is a power amountiag to an 
ounce, and that W is a weight amounting to 50 ounces 
and that P elevates W by moans of a machine. In vir- ' 
tue of the property already stated, it follows, that 
while P moves through 50 feet, W wiH be moved 
through 1 foot ; but in moving P through 50 feet, 50 
distinct efforts are made, by each of which 1 ounce is 
moved througli 1 foot, and by which collectively 50 dis- 
tinct ounces might be successively raised through 1 foot 
But the weight W is 50 ounces, and has been raised 
through 1 foot ; from whence it appears, that the ex- 
penditure of power is equal to that which would be 
necessary to raise the weight without the intervention 
of any machine. 

This important principle may be presented under a»- 
<yther aspect, which will perhaps render it more appar- 
ent. Suppose the weight W were actually diyided inta 
50 equal parts, or suppose it were a vessel of liquid 
weighing 50 ounces, and containii^ 50 equal measures ; 
if these 50 measures were successively lifted through a 
height of I foot, the efforts necessary to acpompUsh this 
would be the same as those used to move the power P 
■ through 50 feet, and it is obvious, that the total expen- 
diture of force would be the same as that which would 
be necessary to lift the entire contents of the vessel 
. through 1 foot. 

When the nature and properties of the mechanic 
powers and other machines have been explained, the 
force of these observations will be more distinctly per- 
ceived. The effects of props and fixed points in "bus* 
twining a part of the weight, and sometimes the whole^ 
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both of the weight and power, will then be manifest, 
and every Machine will furnish a verification of the 
remarkable proportion between the velocities of the 
weight and power, which has enabled us To erfdain 
what might otherwise be paradoxical and difKciidt of 
comprehension. 

(237.) The most simple species of machines are 
those which are commonly denominated the mechanic 
POWERS. These have been di^rently enumerated by 
different writers. If, however, the object be to arrange 
in distinct classes, and in the smallest possible number of 
them, those machines which are alike in principle, the 
mechanic powers may be reduced to three. 

1. The lever. 

2. The cord. 

3. The inclined plane. 

To one or other of these classes all simple machines 
whatever may be reduced, and all complex machines 
may be resolved into simple elements which come HRder 
them. 

(228.) The first class includes every machine which 
is composed of a soUd body revolving on a fixed axis, 
although the name lever has been commonly confined 
to cases where the machine affects certain particular 
forms. This is by far the most useful class of ma^ 
chines, and will require in subsequent chapters very 
detailed developement. The general principle, upoa 
which equilibrium is established between the power a]a4 
weight in machines of this class has been already, 
eacplained in (183.) The power and weight are always 
supposed to be applied in directions at right angles to 
the axis. If lines be drawn from the axis perpendica- 
lar^ the directions of power and weight, equilibrfimi 
wiH subsist, provided the power multiplied by the per- 
pendicular Stance of its direction from the axis, h% 
12 
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equal to the weight multiplied by the perpendicuhur 
distance of its direction from the axis. This is a prin- 
ciple to which we shall have occasion to refer in ex- 
plaining the various machines of this class. 

(989.) If the moment of the power (184.) be greater 
than that of the weight, the effect of the power will 
prevail over that of the weight, and elevate it ; but if, 
on the other hand, the moment of the power be less 
ihan that of the weight, the power will be insufficient 
to siq[>port the weight, and will allow it to fall. 

(390.) The second class of simple machines includes 
all those cases in which force is transmitted by means 
of flexible threads, ropes, or chains. The principle, by 
which the effects of these machines are estimated, is, 
that the tension throughout the whole length of the 
same cord, provided it be perfectly flexible, and free 
from the effects of friction, must be the same. Thus, if 
a fmrce acting at one end be balanced by a force acting 
at the other end, however the cord may be bent, or 
whatever course it may be compelled to take, by any 
causes which may affect it between its ends, these 
forces must be equal, provided the cord be free to move 
over any obstacles which may deflect it 

Within this class of machines are included all the 
various forms of puUeys. 

(331.) The third class of simple machines includes all 
those cases in which the weight or resistance is sup- 
ported or moved on a hard surface inclined to the verti- 
cal direction. 

The effects of such machines are estimated by re- 
volving the whole weight of the body into two elements 
by the parallelogram of forces. One of these ele- 
ments is perpendicular to the surface, and supported by 
its resistance ; the other is parallel to the surface, and 
supported by the power. The proportion, therefore, of 
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'.tbe poww to &e w#i(^t will always: depend oA the ob- 
.liqmty^of the surface to the direction of the weigM. 
This wiUbe easily understood by referring^ to what Imbs 
been already explained in Chapter VIII. 

Under this class of machines come the indined 
plane, comoKHily so called, the wedge, tlie screw, and 
variotts others. 

(230.) In order to simplify the developement of the 
eUnnetitary theory of. machines, it is expedient to omit 
the consideration of many . circomslances, of which, 
however, a strict account must be taken before any 
practically useful application of that theory ean be at- 
tempted. A machine, as we must for the present con- 
template it, is a thing which can have no real or practi- 
cal existence. Its various parts are considered to be 
free &om friction : all sur&ces which move in c<NBtact 
are supposed to be infinitely smooth and polished. 
The solid parts are conceived to be absolutely inflexible. 
The weight and inertia of the machine itself are wholly 
neglected, and we reason upon it as if it were divested 
of these qualities. Cords and ropes are supposed to 
have no stifliess, to be infinitely flexible. The ma- 
chine, when it moves, is supposed to suffer no resistance 
firom the atmosphere, and to be in all respects ctreom- 
stanced as if it were in vacuo. 

It is scarcely necessary to state, that, all these sup- 
positions being false, none of the consequences de- 
duced from them can be true. Nevertheless, as it is 
the business of art to bring machines as neafto this 
state of ideal perfection as possible, the conclusions 
which are thus obtained, though false in a strict sense, 
yet deviate from: the truth in but a small degree.. Like 
the first outline of a picture, they resemble in their gen- 
eral features that truth to which, after many subsequ^U: 
correctionsythey must finally approximate. • 
23 
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AAer a fiirt vf^g^sKkm^Hm fcu btM nuide ontte 
i0Ter«l fftlso BuppoMtions which h»T« he«ii meaibiuid, 
wiouB Q^feotfliwhioh h&v« h««n prenously U^glooted, 
are successively taken into ificoant. Eooghnefls* xi- 
gk<^9 imperfect flexibility^ the Vesiitance of uXf and 
other fltti489 ti>e efhoti of the weight aad inertia ofthe 
machine, are severally examined, and their law« and 
properties detected. The modifications and eonreclionii, 
thus suggested as necessary to be intradncod w^ aw 
Werner conelusioasy are ai^plied, and a second ajpproxi- 
mation>buit still of% an a^rfHiimation» to truth i» mad*. 
For, in investigating the laws which regulate the aer- 
etal effects juat mentioned, we are compelled to proceed 
open a new group of false suppositions. To determine 
the laws which regulate the friction of sttrfaeea, it is 
sieeesBary to assume that every part of the sox^ee cf 
.oentaot are uniformly rough ; that the solid parts which 
are ia^r^tly rigid, and the cords which are io^er- 
fectly flexible, are constitued throughout their entire 
4imen0io«ks of a uniform materisJl ; so that the imperfee- 
tion does not prevail more in one part than am^er. 
Thus. bU irregularity is kft out of account, and a gea- 
eial average of the effects taken. It is obnoea» there- 
£Ewe, that by these means we have still failed in obtain- 
ing a result exactly conformaUe to the real state of 
things ; but it is equally obvious that we have obtained 
•one much more conformable to that state than h&d heen 
previously acc<Hnplished, and sufficiently near it for moat 
prectioal purposes^ 

This apparent impeifection in our instruments and 
pewere o^ investigation is not peculiar to me^^mnsea : 
it pervades all departments of natural science. In 
aetronomy, the motions of Uie celestial bodies, and 
their various changes and ^>pearances aa developed by 
theory, assisted by ebs^v«#ui aad m^tkuof^ wtA tmkf 
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appiPKiBMrtions to th^ real m^tittni tad 
Tviueh telbs lilaee in natore; It m tme tHat these ap- 
pnudintftiotis luw mwceptiUe of akiOBt nnUmitod w^ 
cnricy ; but fltill th^ are and efer will continse to be, 
only apprt^xknatiotis. Optica and all other biaadiaa of 
nadtxai aeianoe are liable to the aame obaervationa* 
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(233.) Air inflexible, atraiffbt bar, taminf onanaaEii^ 
is common]^ caiUed a tefier. The ormf of the lever are 
thoae parte of the bar which e3itead*on each aide of the 
aoDv* 

The axis ia eaBeithe ftderwm or jmp. 

(99iy Levers axe ooaonogiljr divided into time kind^. 
according to the relative poaitions of the power^ Ite 
weight, and the fiilcnmi< 

in alever of the &st hind, as in jSg. 78*^ the lUcnnn 
is between the power and weight. 

In a lever 6£ the second kind, av im Jig, W^^ the 
wesght ia between the fhlerum and power* 

In a leverof the third kind, as in fy^. 80.^ thA poava^ 
i* between the fidcramand weight 

(2864 ^ ^ ^"^^ cases, the poirerwiil sttstaistte 
weight in equilibrium, provided its momdni be eqaa^ 1o 
tihaul df tiuf weigbA. (184.) But tiie moment of th^pow- 
cr i% uL t&iff case, eqiad to tibe produet obtaiiif d hf 
multiplying the power by its distance from the fuldms^ 
atid tho SMBen^' of the wdght by nudtipfipbg^ .the 
weight bjriivdisfiame ftiftit thd hkmna* Thns,. tf Hm 
U 
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number of omicef in P, being multiplied by the namber 
of inches in P F, be equal to the number of ounces iH 
W, multiplied by the number of inches in WF, equi- 
librium will be established. It is evident from this, that 
as the distance of the power from the fulcrum increases 
in comparison to the distance of the weight from the 
fulcrum, in the same degree exactly will the proportion 
pf the power to the weight diminish. In other words, 
the pn^rtion of the power to the weight wiU be al- 
ways the same as that of their distances from the ful- 
crum taken in a reverse order. 

In cases where a small power is required to sustain 
or elevate a great weight, it will therefore be necessary 
either to remove the power to a great distance from the 
fulcrum, or to bring the' weight very near it. 

(336.) Numerous examples of levers of the first kind 
may be given. A crow-bar,, applied to elevate a 
stone or other weight, is an instance. The fnlcrum 
is another stone jdaced near that which is to be raised, 
and the power is the hand placed at the other end of 
the hnx. 

A handspike is a similar example. 

A poker applied to raise fuel is a lever of the first 
kind, the fulcrum being the bar of the grate. 

Scissors, shears, nippers, pincers, and other similar 
instruments are composed of two levers of the first 
kind; the fulcrum being the joint or pivot, and the 
weight the resistance of the substance to be cut or 
^seized ; the power being the fingers applied at the oth- 
er end of the levers. 

The briake of a pump is a lever of the first irind; 
the pump^rods and piston being the weight to be 
raised. 

($i97.) Examples of levers of the second kind, 
thtnigh not so firequeht as those -just mentioned, are 
not uncommon. 



mf tte water affaiast the Uade k tiia folormi.. Thd 
boat is i\m wmghty and th^ hand of thai boailmaai the 
power* 

The rudder of a aUp ov boat kan exMrngie af tfuB 
kbid of leveiy and csphtaed in a simihur wigr*. 

The tMy§isog kidfe ia 'a levat of the aacood kind. 
Tke and itlacfaed to tho bench is the fulcvum^ aai the 
wcdght the resistanee of the suhatance to be eiilvp)aead 
li^naaihiL 

A door moiGatl upon ita hingaa ia another ezanpito. 

Knl^cf ackera ate two leTar» of the second kind i tlie 
kuige whkh unites tham beia^ the faleman, the rasiat^ 
WDcet of the shell placed between tham being tho wei^^ 
«nd tbo hand appJied to the extremity being the poir«!ff. 

A wlioe^barrow ia a ie<rer of the seoond kind ; the 
fulcrum being the point at which the wheel presses on 
fJie groitttdy and the weight being that of the barrow 
itnd its loadf coUeoted at their oealare of gravity. 

The awne obaawation may be applied to aU two- 
wheeled carriagasv which are partly suatain^ by tlte 
animal whiehi draws theia. 

(338.) In a lever of tiie third kiad^ the weight, being 
inofe distast fircMU the fakrum. than the power, must be 
pKOfiortiQDaUiy less than iU In this instrument, thece*- 
fore, the power acts upon the weight to a mechMueal 
diaadvantAge, inasmuch as a greater power is necessary 
Impupport 01 move the weight than wou^ be. require 
if "the power were immediately appHed to the weigl^i, 
without the iaterreatioii oi a machine^* We shoJl, how- 
ever, Imeafter show that the advantage which i^ lost in 
fbree la gained in despatch, and that in pcefiortion 4S 
the weight is less than the power which moves it^so 
will the speed of ita motioa be greater than tfaAt of the 
l^ower* ... 
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Hence a lever of the third kind k only used in ckaa 
where the exertion of great power is a consideza)^ 
subordinate to those of rapidity and despatch* *' 

The most striking example of levers of the third 
kind is found in the animal economy* The limbs of ani- 
mals are generally levers of this description. The sock- 
• et of the bone iia the fulcrum ; a strong muscle at-, 
tached to the bone near the socket is the power ; and 
the weight of the limb, together with whatever resist- 
ance is opposed to its motion, is the weight. A slight 
contraction of the muscle in this case gives a ccoisider- 
able motion to the limb : this effect is particularly con- 
spicuous in the motion of the arms and legs in the hu- 
man body; a very inconsiderable contraction of the 
muscles at the shoulders and hips giving the sweep to 
the limbs from which the body derives so much ac- 
tivity. 

The treddle of the turning lathe is a lever of the 
third kind. The hinge which attaches it to the floor is 
the fulcrum, the foot applied to it near the hinge is the 
power, and the crank upon the axis of the fly-whe^, 
with which its extremity is connected, is' the weight. 

Tongs are levers of this kind, as also the shears 
used in shearing sheep. In these cases the power k 
the hand placed immediately below the fulcrum or pcHnt 
where the two levers are connected. 

(239.) When the power is said to support the 
weight by means of a lever or any other machinajt 
is only meant that the power keeps the machine in < 
librium, and thereby enables it to sustain the we 
It is necessary to attend to this distinction,^^r€i^ngm, 
the difficulty which may arise from the paraoox ^f^ 
small power sustaining a great weight - *«-' 

In a lever of the first kind, the fulcrum F, ^78., 
or axis, sustains the united forces of the power and 
weight A 
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* In a lever of the second kind, if the power be sup- 
posed to act over a wheel R, ^. 79., the fulcrum P 
sustains a pressure equal to the difference between the 
power and weight, and the axis of the wheel R sustains a 
pressure equal to twice the power ; so that the total 
pressures on F and R are equivalent to the united 
forces of the power and weight 

In a lever of the third kind similar observations are 
applicable. The wheel R, Jig, 80., sustains a pressure 
equal to twice the power, and the fulcrum F sustains a 
pressure equal to the difference between the power and 
weight. 

These facts may be experimentally established by 
attaching a string to the lever immediately over the ful- 
crum, and suspending the lever by that string from the 
arm of a balance. The counterpoising weight, when 
the fulcrum is removed, will, in the first case, be equal 
to the smn of the weight and power, and in the last 
two cases equal to their difference. 

(240.) We have hitherto omitted the consideration of 
the effect of the weight of the lever itself. If the cen- 
tre of gravity of the lever be in the. vertical line 
through the axis, the weight of the iastrument will 
have no other effect than to increase the. pressure on 
the axis by its own amount. But if the centre of grav- 
ity be on the same side of the axis with the weight, as 
at G, it will oppose the effect of the power, a certain 
pnt of which must therefore be allowed to support it 
To ascertain what paft of the power is thus expended, 
it is to be considered that the moment of the w^ght of 
the levl9 collected at 6, is found by multiplying that 
weight by the distance G F. The moment of that part 
of the power Vhich supports this must bft equal to it ; 
therefore, it is only necessaty to find how much of the 
power multiplied by P F will be equal to the weight of 
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&e lever mtiHiplied by 6 F. This is a question in cent- 
mon arithmetic. 

If the centre of gravity of the lever be at a different 
ftde of the axis fi*om the weight, as at 6', the weight of 
the instrument will co-operate with the power in sus- 
taining the weight W. To deterniine what portion of 
the weight W is thus sustained by the weight of the 
lever, it is <Hily necessary to find how much of W, mul- 
tiplied by the distance W F, is equal to the weight of 
liie lever multiplied by G' F. 

In these cases the pressure on the fulcrum, as already 
estimated, will always be increased by the weight of 
the iever. 

(241.) The sense in which a small power is said to 
sustain a great weight, and the manner of accomplish^ 
ing this, being explained, we shall now consider how 
the power is applied in moving the weight Let P W, 
Jig. 81., be the places of the power and weight, and P 
that of the fulcrum, and let the power be depressed to 
P' while the weight is raised to W. The space P P' 
evidently bears the same proportion to W W, as the 
arm P F to W F. Thus if P F be ten times W F, P P' 
will be ten times W W. A power of one pound at P 
being moved from P to P', will carry a weight of ten 
pounds from W to W. But in this case it ought not to 
be said, that a lesser weight moves a greater, for it is 
not difficult to show, that the total expenditure of force 
in the motion of one pound from P to P' is exactly the 
same as in the motion of ten pounds from W to W. If 
the space P P' be ten inches, the space W W*, will be 
one inch. A weight of one pound is therefore moved 
through ten successive inches, and in each inch the 
force expended is that which would be sufficient to 
move one pound through one inch. The total expendi- 
ture of force from P to P^ is ten times the force necea- • 



smay to nove one {Mond tbrouf h one inch, or nviial is 
the same, it is that which wonld be necessary to move 
ten pounds through one inch. But this is exactly what 
is accomplished by the opposite end W of the lever;, 
for the weight W is ten pounds, and the space W W is 
one inch. 

If the weight W of ten pounds could be conveniently 
divided into ten equal parts of one ponnd each, each 
part might be separately raised through one inch, with* 
out the intervention of the lever or any other machine. 
In this case the same quantity of power would be ex- 
pended, and expended in the same manner as in the 
case just mentioned. 

It is evident, therefore, that when a machine is ap- 
plied to raise a weight or to overcome resistance, as 
much force must be really used as if the power were 
inunediately applied to the weight or resistance. All 
that is accomplished by the machine is to enable the 
power to do tha£ by a succession of distinct efibrtd 
^diich should be otherwise performed by a single effort. 
These observations will be found to be applicable to aJl 
other machines. 

(242.) Weighing machines of almost every kind, 
whether used for^ commercial or philosophical purposes, 
are varieties of the lever. The common balance, 
which of all weighing machines, is the most perfbot 
and best adapted for ordinary use, whether in comnierce 
or experimental philosophy, is a lever with eqq^I amui. 
In the steel-yard one weight serves as a counterpcnse 
and measure of others of different amount, by receiving 
a leverage variable according to the Varying amount of 
the weight against which it acts. A detailed aeeount 
of such instruments will be found in Chapter XXI. 

(243.) We have hitherto considered the power ant 
weight as acting on the lever, in direotions perpeadhn 
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ulur to its length and parallel to each other. "niiB does 
not always happen. Let A B, Jig. 83., be a lever whose 
falcmm is F, and let A R be the direction of the po^^- 
er, and B S the direction of the weight If the lines 
R A and S B be continued, and perpendiculars F C and 
P D drawn from the fulcrum to those lines, the moment 
of the power will be found by multiplying the power by 
the line F C, and the moment of the weight by mul- 
tiplying the weight by F D. If these moments be 
eqnal, the power will sustain the weight in equililipium. 
(185). 

It is evident that the same reasoning will be aj^lioa^ 
hie when the arms of the lever are not in the same 
direction. These arms may be of any figure or shape, 
and may be placed Relatively to each other in any posi- 
tion. * 

(244.) In the rectangular lever the arms are perpenn 
dicular to each other, and the fulcrum F, fig. 84^, is at 
tiiie right angle. The moment of the power, in this case, 
is P multiplied by AF, and that of the weight W 
multiplied by B F. When the instrument is in equili- 
brium these moments must be equal. 

When the hammer is used for drawing a nail, it is a 
lever of this kind: the claw of the hammer is the 
shorter arm ; the resistance of the nail is the weight 5 
and the hand applied to the handle the power. 

(245.) When a beam rests on two props A B, fig. 85., 
and supports, at some intermediate place C, a weight 
W, this weight is distributed between the props in m 
manner which may be determined by the principles 
already explained. If the pressure on the prop B be con- 
sidered as a power sustaining the weight W, by means 
of the lever of the second kind B A, then this power 
SViltiplied by B A must be equal to the weight multi- 
plied by C A> Hence the pressure on B will be the 
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same iVactioii of the weight w the part A C is of A B. 
In the same manner it may he proved, that the prea- 
anre on A is the same fraction of the weight as B C is 
of B A. Thus, if A C be one third, and therefore BC 
two thirds of B A, the pressure on B will be one third 
of the weight, and the pressure on A two thirds of the 
weight. 

It follows from this reasoning, that if the weight be 
in the middle, equally distant from B and A, each prop 
will Aistain half the weight The effect of the weight 
of the beam itself may be determined by considering 
it to be collected at its centre of gravity. If this point, 
therefore, be equally distant from the props, the weight 
of the beam will be equally distributed between them. 

According to these principles, the manner in which a 
load borne on poles between two bearers is distributed 
between them may be ascertained. As the efforts of 
the bearers and the direction of the weight are always 
paraUel ; the position of the poles relatively to the ho- 
rizon makes no difference in the distribution of the 
weights between the bearers. Whether they ascend or 
descend, or move on a level plane, the weight will be 
similarly shared between them. 

If the beam extend beyond the prop, as in Jig, S6^ 
and the weight be suspended at a point not placed be- 
tween them, the props must be applied at different sides 
of the beam. The pressures which they sustain may be 
calculated in the same manner as in the former case. 
The pressure of the prop B may be considered as a 
power sustaining the weight W by means of the lever 
BC. Hence, the pressure of B, multiplied by BA, 
must be equal to the weight W multiplied by AC. 
Therefore the pressure on B bears the same proportion 
to the weight as A C does to A B. In the same maa- 
ner, cansidering: B as a fulcrum, and the preaswre of the 
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{n*ep A «s the power^ it mti^ be proved tih»| the | 
of A bears the sftme ptoportion to the weight ^ the 
line B C does to A B. It therefore appears, that the 
pressure on the prop A is greater than the weight 

(246.) When great power k required, and it is mean- 
venient to ccmstmct a long lever, a combination of lev- 
ers may be used. In fig, 87. such a system of leren is 
represented^ consisting of three levers of the first kind* 
The manner in which the ^ect of the power is trans^ 
mitted to the weight may be investigated by coroider- 
ing the effect of each lever successively. The power 
at P prod aces an upward force at P', which bears to P 
the same proportion as P' F to P F. Therefore, the 
effect at P' is as many times the power as the line P F 
is of P' F. Thus, if P F be ten tunes P' F, the upward 
force at P' is ten tunes the power. The arm P' F' oi 
the second lever is pressed upwards by a force equal to 
ten times the power at P. In the sam^ manner this may 
be shown to produce an effect at P" as many thnes 
greater than P' as P' F' is greater than P" F'. Thus, 
if P' F' be twelve times P'' F', the effect at P" will be 
twelve tjtoes that of P^ But this hust was ten times the 
power, and therefore the P" will be one hundred and 
twenty times the pow^r. In the same manner it iiay 
be shown tha^ the weight is as many times greater than 
the effect at P'' as F' F" is greater than W F". If 
P"F' be five times WF", the weight will be five 
times the effect at P''. But this effect is one haired 
and tvirenty times the power, and therefore the weigKt 
would be six hundred times the power. 

In the same manner the efibct of any compound sya- 
teta of levers may be ascertained by taking the prc^of- 
tion of the weight to the power in each lever s^mrately^ 
and multiplying these numbers together. In the ezam- 
^ t^wst, fiiBm j^ti^t^km are I0> V^ mi 9, whiidfa 
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multiplied together give 600. In fig, 87. the leven 
composing the STStem are of ithe first kind ; but the 
principles of the calculation will not be altered if they 
be of the second or third kind, or some of one kind and 
some of another. 

(^7.) That number which ei^xresses the proportion 
of the weight to the equilibrating power in any ma- 
chine, we shall call the jvou^er of the mcLchine, Thus, ii^ 
in aierer, a power of one pound support a weight of 
ten ^unds, the power of the machine is ten. If a pow- 
er of 2 lbs. support a weight of 11 lbs., the power of 
the machine is 5i, 2 being contained in 11 5i times. 

(348.) As the distances of the power and weight from 
the fulcrum of a lever may be varied at pleasure, and 
any assigned proportion given to them, a lever may al- 
ways be conceived having a power equal to that of any 
given machine. Such a lever may- be called, in relation 
to that machine, the equivaUni lever. 

As every complex machine consists of a number of 
simple machines acting one upon another, and as each 
simple machine may be .represented by an equivalent 
lever, the complex machine will be represented by a 
compound system of equivalent levers. From what has 
.been proVed in (246.), it therefore follows that the pow- 
er of a complex machine may be calculated by multi- 
plying together the powers of the several shnple ma- 
chines of which it is conqK>sed. 



900 THE m>BMSVfT}S «^ MZCHAITICt. CHAP. XIV. 

f CHAPTER XIV, 

_ • • OP WHEEL-WORK. 

(249.) When a lever is applied to raise a weight, or 
overcome a resistance, the space through which it acts 
at any one time is small, and the work inust be accom- 
plished by a succession of short and intermittina" ef- 
forts. In Jig. 61., after the weight has been raised 
from W to W, the lever must again return to its first 
position, to repeat the action. During this return the 
motion of the weight is suspended, and it will fall down- 
wards unless some provision be made to sustain it. 
The common lever is, therefore, only used in cases 
where weights are required to be raised through small 
spaces, and under these circumstances its great sim- 
plicity strongly recommends it. But where a continu- 
0U8 motion is to be produced, as in raising ore from the 
mine, or in weighing the anchor of a vessel, some con- 
trivance must be adopted to remove the intermitting 
action of the lever, and render it continual. The 
various forms given to the lever, with a view to accom- 
plish this, are generally denominated the whedand axle. 

hk Jig. 88., A B is a horizontal axle, which rests in^ 
pivots at its extremities, or is supported in gudgeons, 
and capable of revolving. Round this axis a rope is 
coiled, which sustains the weight W. On the same ax- 
is a wheel C is fixed, round which a rope is coiled in a 
contrary direction, to which is appended the power P. 
The moment of the power is found by multiplying it by 
the radius of a wheel, and the moment of the weight, 
by multiplying it by the radius of its axle. If these 
moments be equal (T65.), the machine will be in equilib- 
rium. Whence it appears that the power of the ma- 
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cfaine (247.) is expressed hy the proportion which the 
radius of the wheel bears to the radius of the axle ; 
or, what is the same, of the diameter of the wheel to 
the diameter of the axle. This principle is applicable 
to the wheel and axle in every variety of form under 
which it can be presented. 

(250.) It is evident 'that as the power descends con- 
tinually, and the rope is uncoiled from the wheel, the 
weight win be raised continually, the rope by which it 
is suspended being at the same time coiled upon the 
axle. 

When the machine is in equilibriam, the forces of 
both the weight and power are sustained by the axlief, 
and distributed between its props, in the mcumer ex^ 
plained in (345.) 

When the machine is applied to raise a weight, thfe 
"velocity with which the power moves is as many times 
greater than that with which the weight rises, as the 
weight itself is greater than the power. This is ft 
-principle which has already been noticed, and which is 
• common to all machines whatsoever. It may hence be 
proved, that in the elevation of the weight a quantity 
of power is expended equal to that which would be 
necessary to elevate the weight if the power were im- 
mediately applied to it, without the intervention of any 
machine. This has been explained in the case of tibe . 
lever in (241.), and may be explained in the present 
instance in nearly the same words. 

In one revolution of the machine the length of rope 
uncoiled from the wheel is equal to the circumference 
of the wheel, and through this space the power mui^t 
therefore move. At the same time the length of rope 
coiled upon the axle is equal to the circumference of 
the axle, and through this space the weight must, be 
raised. The spaces, therefore, through which l^e pow- . 
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OS and w«if btmove in the siuno timey are in the incoper- 
tioQ «f the cuTCumferences of tjhe wheel and a^e ; but 
these circumferences are in the same proportion as their 
diameters. Therefore the velocity of the power will 
bear to the velocity of the weight the same proportion 
as the diameter of the wheel bears to the diameter of 
the aade, or, what is the same, af the weight bears to 
the power (249). 

(251.) We have here omitted the consideration of the 
thickness of the rope. When this is considered, the 
force must be conceived as acting in the direction of 
the centre of the rope, and therefore the thickness of 
the rope which supports the power ought to be added to 
the diameter of the wheel, and the thickness of the 
rope which supports the weight to the diameter of the 
axle. It is the more necessary to attend to this circum- 
stance, as the strength of the rope necessary to sup- 
port the weight causes its thickness to bear a consid- 
erable proportion to the diameter of the axle; while 
the rope which sustaine the power not requiring the 
same strength, and being applied to a larger circle, 
bears a very inconsiderable proportion to its diameter. 
. (253.) In numerous forms of the wheel and vxii^ the 
weight or resistance is applied by a rope coiled upcm 
the axle ; but the manner in which the power is ap- 
plied is very various, and not often by means of a 
XGpe* The circumference of a wheel sometimes car- 
ries projecting pins, as represented in ^. 88^ to which 
the hand is applied to turn the machine. An instance 
of this occurs in the wheel used in the steerage of a 
vesseL 

In the common tointUoMj the power is applied by 
means of a tnnchj which is a rectangular lever, as' rep- 
reseirted in Jig. 89. The arm B C of the winch repre- 
sents the radius of the wheel, and the power is applied 
to C D at right angles to B C. 
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In some cases no wheel kattached to the axle; botit 
is pierced with holes directed towards its centre, 'in wh^ch 
long levers are incessantly inserted, and a continuous 
action produced by several men working at the same 
time ; so thai while some are transferring the levers 
from hole to hole, others are working the windlass. 

The axle is sometimes placed in a vertical poflitia% 
the wheel or levers being moved horizontally. The 
capstan is an example of this : a vertical axis is fixed in 
the deck of the ship ; the circumference is pierced with 
holes presented towards its centre. These holes re- 
ceive long levers^ as represented in ^. 90. The men 
. who work the capstan walk continually round the n. ^^ ^, 
pressing forward the levers near their extremities. ^ 

In some cases the wheel is turned by the weight of 
animals placed at its circumference, who move forward 
as fast as the wheel descends, so as to maintain their 
position continually, at the extremity of the horizontal 
diameter. The ireadmiU^ Jig. 91., and certain cranes^ 
Buch as ^. 92., are examples of this. 

In water-wheels, the power is the weight of water 
contained in buckets at the circumference, as inj^w 
dS., which is called an over*shot wheel ; and sometimes 
by the impulse of water against float-boards at the 
circumference^ as, in the under-shot wheel. Jig, 94 
Both these principles act in the breast-wheel, ^. 95. . 
. In the ipaddle-wbeel of a steam-boat, the power is th/s. 
resistance ^hich the water offers to the motion, of the 
paddle-boards. 

In windmUls, the power is the force of the wind act- 
ing on various parts of the arms, and may be consid- 
ere^ fis different powers simultaneously acting on dif- 
fbn^nt wheels haying the saine axle* 

{?534 Lan^st;caaesin which the wheel and axje 4s 
used, the action fit the power is liable to ocpasional 
. m2 
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Buspetislon or intermission, in which case some contri- 
vance is necessary to prevent the recoil of the weight. 
A ratchet wheel R, J%. 88., is provided for this purpose, 
which is a contrivance which permits the wheel to turn 
in one direction ; but a catch which falls between the 
teeth of a fixed wheel prevents its motion in the other 
direction. The effect of the power or weight is some- 
times transmitted to the wheel or axle by means of a 
straight bar, on the edge of which teeth are raised, 
which engage themselves in corresponding teeth on 
the wheel or axle. Such a bar is called a rack ; and 
an instance of its use may be observed in the manner 
of working the pistons of an air-pump. 

(254) The power of the wheel and axle being ex- 
pressed by the number of times the diameter of the 
axle is contained in that of the wheel', there are obvi- 
ously only two ways by which this power may be 
increased ; viz. either by increasing the diameter of the . 
^Mlis or diminishing that of the iidieLl^^ In cases (^y 
where great power is required, each of these methods 
is attended with practical inconvenience and difficulty. 
If the diameter of the wheel be considerably enlarged, 
the machine will become unwieldy, and the power will 
work through an unmanageable space. If, on the oth- 
er hand) the power of the machine be increased by re- 
ducing the thickness of the axle, the strength of the 
axle will become insufficient for the support of that 
weight, the magnitude of which had rendered tiie in- 
crease of the power of the machine necessary. To 
combine the requisite strength with moderate dimen- 
sions and great mechanical power, is, therefore, imprac- 
ticable in the ordinary form of the wheel and aide. 
This has, however, been accomplished by giving difl^r- 
ent thicknesses to different parts of the axle, and car- 
rying a rope, which is coiled on the tiiintter part, 
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through' fC wheel attached to the weight, md coifiag it 
in the op|k>Bite direction on the thicker part, as in^* 
96< To investigiate the proportion of th« power to the 
weight in this case, let Jig. 97. represent a section of 
the apparatas at right angles to the axis. The weight 
is equaUy suspended by the two parts of the rope, S 
and B*, and therefore each part i» stretched by a force 
equal to half the weight. The moment of the force,, 
which 49tretche8 the rope S, is half the weight multi- 
plied by the radius of the thinner part of the axle. 
This force being at the same side of the centre with 
the power, co-operates with it in supporting the force 
which stretches S^ and which acts at the other side of 
the centre. By the principle established in (185.), the 
aaoments of P and S must be equal to that of S' ; and . 
therefore if P be multiplied by the radius of the wheel, 
and added to half the weight multiplied by the radius 
of the thinner part of the axle, we must obtain a sum 
equal to half the weight multiplied by the radius of the 
thicker part of the axle. Hence it is easy to perceive, 
that the power multiplied by the radius of the wheel is 
efual to half the weight multiplied by the difference of ' 
the radii of the thicker and thinner parts of the axle ; 
or, what is the same, the power multiplied by the diam- 
eter of the wheel, is equal to the weight multiplied by 
half the difference of the diameters of the thinner and 
thicker parts of the axle. 

A wheel and axle constructed in this manner is 
equivalent to an ordinary one, in which the wheel has 
the «ame diameter, and whose axle has a diameter 
equal to half the difference 'of the diameters of the 
thicker and thinner parts. The power of the machine 
is expressed by the proportion which the diameter of 
the wheel bears to half the difference of these diame- 
ten; and therefore this power, when the diameter of 
m3 
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tte wheel is givfen^ does not^ iw in tke erdiaary wImi^ 
and utlei depend t>n the toiallne«S of the lole, bat on 
the smallnew of the difference of the tfainnet and 
thicker parts of it. The axle mfiiy) therefore, be c^** 
8tru<^ted of duch a thickness as to ^ite it all the requi'- 
sfte strength, and yet the difibrente of the diameters of 
its different parts may be so small as to gite it ali the 
requisite |)ower« 

(255.) It often hbppens that a varying Weigrht is to 
be raised, or resistance overcome by a nnifcnm poweh 
Ify in such a case, the weight be raised by a rope <^oiled 
npon a nniforin axle, the auction of the power would not 
be imiform^ bnt woi:dd vary witii'the weight. Itis^ 
however, in most cases desirable or necessary that thb 
weight or resistance, even though it v^, shyi be 
moved uniformly. This will be accomjdished if by aii|r 
means the leverage of the weight is made to increh99 
in the same proportion as the weight diminiriies, and to 
dimilDieh in the same proportion as the^weight increises : 
for in that case the moment of the weight will newr 
viiry, Whatever it gains by the increase of weight beiii|f 
lost by the diminished leverage, and whatever it loses 
by the diminbhed weight being gained by the increased 
leveragOb An axle, the surface of which is curved in 
such a manner^ that the thickness on which the tope is 
coiled continually increases or diminishes in the same 
proportion as the weight or resistance diminishes olr in:-' 
ereases, will produce this effects 

It is obvious that all that has been said respecting a 
variable weight or resistance, is also apf^cable to a y^* 
nM» power, which, therefore, may, by the same memmt^ 
be made to produce a unifona effect. An InBtaatce ikf 
this occurs in t watch, which is moved by a vfml 
i^pringw When the wktbh has been wound up, tfail 
^limg acth with its ^e«testfnteiiiaty,ittH[ «li the wtlbA 



focn 4Mm, tke «lA«tie IbiHse oi flie flpntt^ gfMduftOy 
loiet iU energy. Thk spfrili^ is donnected by & chain 
with an aack of varying thickness^ called a JSuee* 
When the $pnag k at ite greatest intenaity, the ehun 
acts \ipon the thinnest part of the ikaee, and ae it is un* 
coiled^ it aiets upon a part of the fusee which is contina- 
«21y inctensing in thicknessi the spring at the same time 
losing its elastic power in exactly the same proportion. 
A representaiiOQ of the Insee, and the cylindric^ hot 
which ooi^ams the spring, is given in /g. d&, and of 
the iqiring Itself in Jig* 99. 

(256.) When gteat power is required, wheels and 
axles may be combined in a manner analogous to a com^ 
jMond system of levers, explained in (946.) In this 
case the power sets on the circun^erence of the first 
wheel) and its eflTect is transnutted to the cireemference 
cyf the first axle. That circumference is placed in con* 
nection with the civcutttference of the second wheel, 
and the efiect is there/by transmitted to the oircum^ 
feroice of the second axle^ and so on. It is obvious 
from what was proved in (11248.), that the power of 
jBOch a combination of wheels and axles will be found 
by multiplying together the powers of the several 
wheels of which it is composed. It is sometimes con-* 
V«iient to compute this power by numbers expressing 
the proportions of the circumferences or diameters of 
the several wheels, to the circumferences or diameters 
«f the several as^ respectively. This con^utatloft is 
made by flnt moltiplymg the numbers together whicb 
express the circumferences or diameters of the wheels^ 
and then multiplying together the numbeie which ex- 
press the eircnmlerences or diameters of the sevei«l 
axles;; The propOKtion sf the two products will express^ 
the power <^ the machine. Thus, if the eitoam- 
fsrences ov diametess bo as the numbers 10, 14, and 15^ 
ni4 



906 T9X x^ifuif^a, or ifXciibMHcs. gsa£» .sit. 

their product ]viJl be 2100; and if tke circwnfereBceB 
or diameters of the axles . be expressed by the ouin- 
bers 3, 4, and 5, their {Mroduct will be 60, and the power 
of the machine will be expressed by the proportion of 
2100 and 60, or 35 to 1. 

(257.) Tho manner in which the circumferences of the 
axles act upon the circumferences of the wheels in 
compound wheel-work is various. Sometimee a strap 
or cord is applied to a groove in the circumference of 
the axle, and carried round a similar groove in the cir* 
cumference of the succeeding wheel. The friction of 
this cord or strap with the groove is sufficient to pre- 
. vent its sliding and to communicate the force from the 
9^e to the wheel, or vice verscL This method of con- 
necting wheel-work is represented in Jig. 100. 

Numerous examples of wheels and axles driven by 
straps or cords occur in machinery applied to almost 
every .department of the arts and manufactures. In the 
turning lathe, the wheel worked by the treddle is con- 
nected with the mandrel by a catgut cord passing 
-through grooves in the wheel and axle. In all great fac- 
tories, revolving shafts are carried along the apartments, 
on which, at certain intervals, straps are attached passing 
round their circumferences and carried round the 
wheels which give motion to the several machines. 
If the wheels, connected by straps or cords, are re- 
quired to revolve in the same direction, these cords ajre 
arranged as in Jig, 100.; but if they are required fx> 
revolve in contrary directions, th^y are applied as in 

One of the chief advantages of the method^of trans- 
imtting moti6n between wheels and axles by straps or 
cords, is, that the wheel and axle may be placed at any 
distance from each other which may be foimd conven- 
ient, and i may" be made to turn either in the same or 
contrary directions. 
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^ {068%) When the euroaafereiice of the wheel acts 
inmedittlely im tiie circomferenee of the succeeding 
ajfltf, eonle meaHfii must necessarily be adopted to pre- 
veilt the wheel from moving in contact with the axle 
without compelling the latter to turn. If the surfaces 
of both were perfisctly smooth^ so that all friction weiie 
removed) it is obvious that either would slide over the 
suHatse t^ the other, without communicating motion to 
it^ Sut| on the other hand, if there were any asperities, 
howfsver lanall, upon these surfaces) they would become 
mutually inserted among each other, and neither the 
wheel nor axle oonld move without causing die asperi- 
ties with whreh its edge is studded to encounter those 
asperities which project from the surfiice oi the other ; 
fund thus, until these projections should be broken <^ 
both wheel and axle must be moved at the same time. 
It is on this account that if the surfaces of the wheels 
and axles are by any means rendered rough, and press- 
ed together with sufficient force, the motion of either 
will turn the 'otiier, provided the load or resistance be 
Bet greater than the force necessary to break off these 
small prelections which produce the friction. 

In cases where great power is not required, nx>tion » 
communicated in this way through a train of wheel-' 
work, by rendering the surface of the wheel and a:de 
roughs either by facing them with buff leather, or with 
weed cut across the grain. This method is sometimes 
used in spinning machuiery, where one large buffed 
wheel> placed in a horizontal position, revolves in con* 
tact with several small buffed rollers, each roller com- 
. mumeating motion to a spindle* The position of the 
wheel W, and the risers R R, &c.) are represented in 
/^. W^ Each roQer can be thrown out of contact 
with the wheel, and ^restored to it sit pleasure. 



The commnnicatioii of motion between wheels and 
axled by friction has ihe advantage of great smo^othness 
and einenness, and of proceeding with little noise ; but 
this method can only be used in cases where the resis^ 
tance is not very considerable, and therefore is seld^nb ' 
adopted in works on a large scale. I>r. Gregory men* » 
tions an instance of a saw^mill at Southampton, where ' 
the wheels act upon each other by the contact of the 
end grain of wood. The machinery makes very little 
noise, and wears very well, having been us^d not less 
than 20 years. 

(259.) The most usual method of transmitting mo- 
tion through a train of wheel-work is by the formation 
of teeth upon their circumferences, so that these inden- 
tures of each wheel fall between the corresponding 
ones of that in which it works, and ensure the action so 
long as the strain is ^ot so great as to fracture the 
tooth. 

In the formation of teeth very minute attention must 
be give to their figure, iii oi'der that the motion may be 
communicated from wheel to wheel with smoothness 
and uniformity. This can only be accomplished by 
shaping the teeth according to curves of a peculiar 
kind, which hiathematicians have invented, and assign- 
ed rules for drawing. The ill consequences of neg- 
lecting this will be very apparent, by considering the 
nature of the action which would be produced if the 
teeth were formed of square projecting pins, as in jSg*. 
103. When the tooth A comes into contact with B, it 
acts obliquely upon it, and, as it moves, the corner of B 
slides upon the plane surface of A in such a manner as 
to produce much friction, and to grind away the side of 
A and the end of B. As they approach the position C D, 
they sustain a jolt the moment their surfaces come into 
full contact ; and after passing the position of C D, the 



mune scraping and grinding effect ie produced in the 
opposite direction, until by the revolution of the wheels 
the teeth become disengaged. These effects are 
avoided by giving to the teeth the curved forms rep- 
resented iu^. 104. By such means the snrfkces of the 
teeth roll upon each other with very inconsiderable 
friction, and the direction in which the pressure is ex- 
cited is always that of a line M N, touching the two 
wheels, and at right angles to the radii. Thus the 
pressure being always the same, and acting with the 
same leverage, produces a uniform effect. 

(260.) When wheels work together, their teeth must 
necessarily be the same size, and therefore the propor- 
tion of their circumferences may always be estimated 
by the number of teeth which they carry. Hence it 
follows, that in computing the power of compound 
wheel-work, the number of teeth may always be used 
to express the circumferences respectively, or the diam- 
eters which are proportional to these circumferences. 
When teeth are raised upon an axle, it is generally 
caUed a pinion, and in that case the teeth are called 
hates, llie rule for computing the train of wheel- 
work given in (256.) will be expressed as follows: 
when the wheel and axle carry teeth, multiply together 
the number of teeth in each of the wheels, and next 
the number of leaves in each of the pinions ; the pro- 
portion of the two products will express the power of 
the machine. If some of the wheels and axles carry 
teeth, and others not, this computation may be made by 
using for those circumferences which do not bear teeth 
the number of teeth which would fill them. Fig, 105^ 
represents a train of three wheels and pinions. The 
wheel P which bears the power, and the axie which 
bean the weight, have no teeth ; but it is easy to find 
the number of teeth which they would carry. 
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(961») It ii evident that each pimon levolvefl ] 
more frequently in a given time than the wheel which 
it drives. Thus, if the pinion C be fiimiahed with ten 
teeth, and the wheel E, which it drives, have sixty 
teeth, the pinion C must turn six times, in order to turn 
the wheel £ once round. The velocities of revolntion 
of every wheel and pinion which work in aoe another 
will therefore have the sai&e proportion as their number 
of teeth taken in a reverse order, and by this means tihe 
relative velocity of wheels and pinions may be deter- 
mined according to any proposed rate* 

Wheel-work, like all other machinery, is used to 
transmit and modify force in every department of the 
arts and manufactures ; but it is also used in cases 
where motion ^lone, and not fbrpe, is the object to be 
Attained. The most remarkable example of this oconrs 
in watch and clock-work, where the object is merely to 
produce uniform motions of rotation, having certain 
proportions, and without any regard to the elevation of 
weights, or the overcoming of resistances. 

(262.) A crane is an exaix^le of combination of 
wheel-work used for the purpose of raising or lowwng 
great weights. Fig. 106. represents a machine of this 
kind. A B is a strong vertical beam, resting on a pivot, 
and secured in its position by beams in the floor. It is 
capable, however, of turning on its axis, being confined 
between rollers attached to the beams and fixed in the 
floor. C D is a projecting arm called a gift, formed of 
beams which are mortised into A B. The wheel-work 
is mounted in two cast-iron crosses, bolted on each side 
of the beams, one of which appears at E F G H. The 
winch at which , the power is applied is at I. Tlus car- 
ries a pinion immediately behinid H. This pinion works 
in a wheel E, which carries another- pinion upon its 
axle. This If^st pinion works in a largei wheel I^ 
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cftoiei \xp6m its ask a baird M, on whicii a 
chain or lape is coiled* The chain paases over a pulley 
I> at the top of the gib. At the end of the chain a 
book O is attached, to aapp^t the weight W. During 
the elevation of the weight it is convenient that, its 
recoil should he hindered in case of any occasional 
suspension of the power. This is accomplished by a 
ratchet wheel attached to the barrel M, as explained m 
(253.); but when the weight W is to be lowered, the 
catch must be removed j&cxn this ratchet wheeL In this 
case the too rapid descent of the weight is in some 
cases checked by pressure excited on some part of the 
wheel-work, so as to produce sufficient iriction to re«' 
tard the descent in any required degree, or even to sub*' 
pend it, if necessary. The vertical beam, at B resting 
on a pivot, and being fixed between roUers, allows the 
gib to be tumedround in any direction ; so that a weight 
raised from one side of the crane may be carried round, 
and deposited on another side, at any distance within 
the range of the gib. Thus, if a crane be placed upon . 
a wharf near a vessel, weights may be raised, and 
when elevated, the gib may be turned round so as to let 
them descend into the hold. 

The power of this machine may be computed upon 
the principles already explained. The magnitude of the 
circle, in which the power at I moves, iJaay be deter- 
mined by the radius of the winch, and therefore the 
number of teeth which a wheel of that size would car- 
ry may be found. In like manner we may determine 
the number of leaves in a pinion whose magnitude 
would be equal to the barrel M. Let the first nmnber 
be multiplied by the number of teeth in the wheel K> 
and that product by the number of teeth in the wheel 
L. Next let the number of leaves in the pinion H be 
multiplied by the number of leaves in the pinion aj^ 
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tached to tiie axle of the wheel K, and let &ai piodnct 
be' multiplied hj the number of leaves in a pinion, 
whose diameter is equal to that of the barrel M. 
These two products will express the power of the ma- 
chine. 

(363*) Toothed wheels are of three kinds, distin- 
guished by the position which the teeth bear with re- 
Bped to the axis of the wheel. When they are raised 
upon the edge of the wheel as in Jig, 105., they are 
called spur whtds or spur gear. When they are raised 
parallel to the axis, as in Jig. 107., it is called a croum 
whtd. When the teeth are raised on a surface in- 
clined to the plane of the wheel, ,as in fig. 108., they are 
called beveUed toheels. 

If a motion round one axis is to be communicated to 
another axis parallel to it, spur gear is generally used. 
Thus in fig. 105., the three axes are parallel to each 
other. If a motion round one axis is to be communica- 
ted to another at right aiigles to it, a crown wheel, 
working in a spur pinion, as in Jig. 107., will serve. Or 
the same object may be obtained by two bevelled wheels^ 
asinjfe. 108. 

If a motion round one axis is required to be commu- 
nicated to another inclined to it at any proposed angle, 
two bevelled wheels can always be used. In Jig. 109-, 
let A B and A C be the two axles ) two bevelled wheels, 
such as DE and EF, on these axles will transmit^ 
the motion or rotation from one to the other, and the 
relative velocity may, as usual, be regulated by the pro- 
portional magnitude of the wheels. 

(964.) In order to equalize the wear of the teeth of 
a wheel and pinion, which work in one another, it is 
necessary that every leaf of the pinion should work in 
succession through every tooth of the wheel, and not 
continually act upon the same set of teeth. If the 
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teeth could be accurately shaped acc^Mrding to mathe- 
matical principles, and the materials of which they are 
formed be perfectly unifonn this precaution would be 
less necessary ; but as slight inequalities, both of mate- 
rial and form, must necessarily exist, the effects of these 
should be as far as possible equalized, by distributing 
them through every part of the wheel. For this pur- 
pose it is usual, especially in mill-work, where consider- 
able force is used, so to regulate the proportion of the 
number of teeth in the wheel and pinion, that the same 
leaf of the pinion shall not be engaged twice with any 
one tooth of the wheel, until after the action of a num- 
ber of teeth, expressed by the product of the number 
of teeth in the wheel and pinion. Let us suppose that 
the pinion contains ten leaves, which we shall denomi- 
nate by the numbers 1, 2, 3, &c., and that the wheel 
contains 60 teeth similarly denominated. At the com- 
mencement of the motion suppose the leaf 1 of the pitt- 
ion engages the tooth 1 of the wheel ; then after one 
revolution the leaf 1 of the pinion will engage the tooth 
11 of the wheel, and after two revolutions the leaf 1 
of the pinion will engage the tooth 21 of the wheel, 
and in like manner, after 3, 4, and 5 revolutions of the 
pinion, the leaf 1 will engage successively the teeth 31, 

41, and 51 of the wheel. After the sixth revolution, the 
leaf 1 of the pinion will engage the tooth 1 of the 
wheel. Thus it is evident, that in the case here sup- 
posed the leaf 1 of the pinion will continually be en- 
gaged with the teeth 1, 11, 21, 31, 41, and 51 of the 
wheel, and no others. The like may be said of every 
leaf of the pinion. Thus the leaf 2 of the pinion will 
be successively engaged with the teeth 2, 12, 22, 32, 

42, and 52 of the wheel, and no others. Any accidenr 
tal inequalities of these teeth will therefore continually^ 
act upon each other, until the circumference of the 
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wheel be divided mto parts of ten teeth each, mie<piaU7 
worn. This effect wotdd be avoided by giving either 
the wheel or pinion one tpoth more or one tooth less. 
Thus, suppose the wheel, instead of having siarty teeth, 
had sixty-one, then after six revolntions of the pinion the 
leaf 1 of the pinion would be engaged with the tooth 
61 of the wheel ; and after one revolution of the wheel, 
the leaf 2 of the pinion would be engaged with the 
tooth 1 of the wheel. Thus, during the first revoludon 
of the wheel the leaf 1 of the pinion would be succes- 
sively engaged with the teeth 1, 11, 21, 31, 41, 51, and 
61 of the wheel : -at the commencement of the second 
revohition of the wheel the leaf 2 of the pinion woid4 
be engaged with the tooth 1 of the wheel ; and during' 
the second revolution of the wheel the leaf 1 of the 
pinion would be successively engaged with the teeth 
10,20, 30, 40, 50, and 60 of the wheel. In the same 
manner it may be shown, that in the third revolution of 
the wheel the leaf 1 of the pinion would be successively 
engaged with the teeth 9, 19, 29, 39, 49, and 59 of the 
wheel ; during the fourth revolution of the wheel the 
leaf 1 of the pinion would t)e successively engaged with 
the teeth 8, 18, 28, 38, 48, and 58 of the wheeL By 
continuing this reasoning it will appear, that during the 
tenth revolution of the wheel the leaf 1 of the pinion 
'Will be engaged successively with the teeth 2, 12, 22^ 
•32, 42, and 52 of the wheel. At the commencement of 
the eleventh revolution of the wheel the leaf 1 of the 
pinion will be engaged with the tooth 1 of the wheel, 
as at the beginning of the motion. It is evident, there- 
fore, that during the first ten revolutions of the wheel 
eaeh leaf of the pinion has been successively engaged 
with eveiy tooth of the wheel, and that during these 
ten revolutions the pinion has revolved sixty-one 
thnefl. Tkofi the leaves of the pinkn fa«vi acted six 



hundred and ten tunes upon the teeth of the wheel, 
bc^orQ two teeth <»a ha¥e acted twice upon each other. 
The odd tooth which produce* this effect ia called by 
mill Wrights the hunting tog. 

, (365.) The most fiuoiliar case in which whee^work 
is used to produce and regulate motion merely, withont 
any reference to weights to be raised or resistimcesto be 
overcame, is that of chronometers. In watch and clock 
work the object is to cause a wheel to revolve with a 
unifi}nn v^ocity, and at a certain rate. The motion o£ 
this wheel is indicated by an index or hand placed upon 
its axis, and carried round with it In proportion to the 
length oi the- hand the circle over which its extremity 
plays is enlaiged, and its motion becomes more percept- 
ible^ This circle is divided, so that very small fractions 
of a revolution of the hand may be accurately observed. 
In mest tonometers . it is required to give motkm to 
two han<k, «nd sometimes to three. These moti<ms 
pi^oceed.ftt difierent rates, accordiag to the subdivisions 
4>f time generally a^ppted. Que wheel revolves, in a 
m^tute, bearing a hiimd which plays round a circle di- 
vided into sixty, eqiifil parts; the Jnolk>n of the hand 
over each part indicating one second, and a complete 
revolution of Une hand being performed in one minate; 
Another wheel revolves once, while the former revolves 
sixty times;, consequently the hand carried, by this 
wheel revolves onee in sixty minutes, or. one hour. 
The circle on which it pUys is, like the former, divided 
inta sixity eqiial parts, and the motion of the hand. over 
each division is perfarmfed in. one minute. This is. gen-? 
Qirolly. called the mmt^.kandi and the former the ««c- 
ondhand. 

. ^ third wbeel revolves once, while that which carrieisi 
the minatehand. revolyes tw^ve time»; consequently 
ibis ifst wheels which ^^rriesthe hour hcmd, revglves at 
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41 iMi tii^V0 txOm- le«i thoi|t tkat of ili# ]tiiwit)# li«if^ 
A94 Ihdf^fore fevfin jbuodrad aoiitwnity timet Uss titen 
ibe 0eQ<Mid hfknd* We skftll noir endeavour to ex{^aiii 
the manner in which these molioini aire prodneed aoid 
f^ulated. JUt A« B,0, D, E, fig. 110., repreeeilt a 
tTMt) of wheelfl, and a, i&, Cy d, reptreieat th?ir. ^ong, 
« b^ing a cylinder on the aads.x^ the whe^ fi, iot^A 
which a rppe ia coiled, jsuBtaiiiing a w^ght W. iJeH 
tiy^ effect pf this weight transmitted tbvoQgh the train 
pf wheels he oppoBed by a power P acting upoB flie 
wheel Af and let this power. be sii^posed to be itf -siieh a 
oatnre as to cause the weight Wto descend wftlk a 
ttniform velocity, and at any proposed rate. Thewh^ 
£ carries on its circumference eighty ^fow -teeth. The 
ifh^el D carries eigMy teeth ; the wheel C ist also far- 
nished with eighty teeth, and thie wheel B with se^etl^ 
ty-five. The pinions «( and c are each- fonilBh<i4'With 
twelve leevee^ and the piaiona i and a withteik 

If the power at P be so regulated as to aBtirvr 1M 
wheel A to revolve once in a mmute, with a wnifem 
veloci^, a hand attached to the axis of thf» whe^ Witt 
aerve as the steand lumd^ Tl)e piiiioxk a^esirying tea 
teeth must revolve seven tiniee and a ha^ to prodaee 
one revolution of B, consequently fifteen revehiden^ ^ 
the wheel A will produce two revelutiobb of the wheel 
B ; the wheel B, therefore, revolves tiviee in fifteen min- 
utes. The pinion 6 mustji^volveeighttimesto produce 
one revcdutton oi the wheel C, imd therefoie the wheel - 
C nuist revolve once in four quarters of an h<wr, or in 
one hour. If a hand be attaahed to the axia of tide 
^eel, it will have the motion neoessaiy Ibr the minute 
hand. The pinion e must revolve six times and two 
thirds to produce one rev^c^otion of the wheel D, and 
therefiire this whe^ nrast reveive onee in iriat' bouM 
and twe< thirds. The ^len 4f yev<A«>^ aeventiteM '^ 



wheel E witt rcrvohre oaee hi fortf^tlbt h««A sud tw6 
tUirdik 

.On the tads of the wke#l C & eMond pinidn may ht 
placed, Ibniiidteid with s^veii leates, whkh tnay lead a 
wliidel of ei^ty-fon: teeth, so tbattiiis itKeel lAiall tuin 
otice doling- tweh^ toms <»f the wheel C. If a hand' 
!>• fixed vpon the i^s, tM0 hand wxD tevolve once l^f ' 
tfrelire iwvdltitldtks of the minnte hand fixed npcm the;' 
ajie of the wheel C ; that is, it Will rett^e omtre ftl 
twelve bM«8. If it play.upeta a idfal dhfided into' 
twei^fifr e^eal pafttt, it wffl lAote over eax^h |MiH in att 
hmufi Mid wUl 0eyi^ the (rtirpPMe of th^ Ibottr handf of 
the chronometer. • 
-IWehove hefe st^^sed that the Mfcxm'd htonf, the 
nfinmefacndy lod the hotir haitdmove On -separate Shtd:^ 
^]?liis« tadwef«^ i» net ne^i^Mary. 'fhe a^dn of the hoar 
i 19 toamuGtify a tube, incle^^ within it thftt of th^ 
hand, so that Ch^ same dial serves fi)r both. 
Thm eaeoiid hand, however, is generalfy fhmished with 
a separate diai. 

(9061) We shall now e^lahi the manner In which a 
pewer is affiled to the wheel A, so as to regulate and ' 
eqaalize the effect of the weight W. Suppose the 
wheel A furnished with thirty teeth, as in Jtg, 111. ; If 
nothing check the motion, the weight W would descend ' 
with an accelerated velocity, and would comnranicate an 
aecelemted motion to the wheel A. This efibct, how* 
ever, is interrupted hy the following contrivance : ^ 
LMis a pendulum vibrating on the centre L, and so 
regisdated that the time of its oscillation is one secohdf. 
Tlie pallets I and K are connected with the pendulum, 
so as to oscillate with it. In the position of the pendu- 
Inm represented in the figure, the pallet I stdps th6 
metion^bf the whe^ A, iftnd entirely suspends the ac- 



betoiQg.paUolB jpj» apoQrits ,«xui ;. C is die crown wheel, 
wilDde teeth me suffeied to escape alternately l^y tiioee 
pidletB in the maaner already described in the scapement 
of atcldck. On the axis of the. crown wheel is placed a 
inmon df lirhich, dii^res another crown wheel E« On the 
axis of this is placed the pinion c, which plays in the 
te^' ef the thkd wheel L. : The {won & on the axis of 
li is eagnged with the wheel M, called the centre 
wh^eL The fP^lc of tkua wheel is carried up through 
thd eentire of the dial^ A pinion a is placed upon it, 
which wtorks in the great wheel N. On this wheel the 
mainspring immediately acts* OP. is the maiaspnng 
stripped, c^.its haireL The axis of the wheel M pass- 
ing^ through the centre of the dial is squared at the end 
to receive the mmute hand. A second pinion Q, is 
placed Upon this axle which drives a wheel T. On the 
axle of this wheel a pinion g is placed, which drives the 
hoixr wheel V. This wheel is placed upon a tubular axis, 
which incloses within it th^ axis of the wheel M, This 
tubular axis passing through the centre of the dial, 
4»ames the hour hand. The wheels A^ B, C, D^ £, fig, 
HO, cotrei^KM&d to the wheels C, K, L, M, N,^.4t2,//. 
and the pinions a, ^, c, c^, e, Jig, 109., correspond to the 
pinions d^ o, h^ a, fig. 111. From what has already been 
^xplakied of these wheels, it will be obvious that the 
wheel Mfj fig* lll.^ revolves once in an hour, causing the 
Bunute hwftd to move round the dial once in that time. 
This wheel at the same time turns the pinion Q which 
l^adsthe wheel. T« This wheel again turns the pinion 
g which, leads the hour wheel V;^ The leaves and teeth 
Hf l^se piaions and whei^ are proportioned, as al- 
ralMly exphu^ed, so that the wheel V revolves once 
. during twelve revolutions of the wheel M. The hour 
faadd, theie&re, which is caxried by the tubular |ude 
of tSie wheel V, move# once round the dial in twelve 
hours. 
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Our obifeot here has not been te give a detailed ac- 
count of watch and clock work, a subject for whieb we 
must refer the reader to the proper department of itm 
work. Such a general account has only been attempted 
as may explain how tooth and pinion work may be ap- 
I^ed to regulate motion. 



CHAPTER XV. 



OF THE PULLET. 



{70^.) The next class of simple machines, which pre- 
sent themselves to our attention, is that which we have 
called the cwrf. If a rope were perfectly flexible, and 
were capable of being bent over a sharp edge, and of 
moving upon it without friction, we shotild be enabled by 
its means to make a force in any one direction overedme 
resistance, or communicate motion in any other diieo- 
tion. Thus if P, Jig, 112., be such an edge, a perfectly 
flexible rope passing over it would be capable of tians- 
mitting a force S F to a resistance Q R, so as to sup- 
port or overcome R, or by a motion in the direction 
of S F to produce another motion in the direction R Q. 
Bat as no materials of Which ropes can be constructed 
can give them perfect flexibility, and as in proportion 
to the strength by which they are enabled to transmit 
force their rigidity increases, it is necessary, in pno- 
tice, to adopt means to remove or mitigate those eflRscts 
which attend hnperfect flexibility, and which would 
otherwise render cords practically inapplicable as -ma- 
chined. 

ti3 ' 
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When a cord i» used to tnuuinit a force fiom one di- 
veclm to aiwther, ks stifihess renden some force ne*- 
oeasary in beadiiig it over the angle P, wMch the twv 
dureeliotti form ; and if the angle be shaip, the exertioB 
of such a force may he attended with the rupture of the 
cosd. If, instead of bending the lope at one point over 
a single angle, the change of direction were produced 
by successiyely deflecting it over several angles, each of 
which would be less sharp than a single one could be, 
the force requisite for the deflection, as well as the 
liability of rapturing ^a Gotdj would be considerably 
diminidied. But this end will be stiU more perfectly 
attained if the deflection of the cord be produced by 
bending it over the surfoce of a curve. 

li a w^e were affiled only to sustain, and not to 
mcwe a. weight, this woidd be sufficient to remove the 
ineooveaiieiicee arising fl*oin its rigidity. But when mo* 
tion is to be produeed, the rope, in passmg over tJie 
eurved surfoce, woidd be subject to excessive friction, 
ttod consequently to rajnd wear. This inconvenience is 
Mmoved bf caiinn^ t^e surface on which the rope runs 
to move with it, so that no more friction is produeed 
than would arise from the curved surface rolling upon 
the rope. 

(^68.) AH' these ends are attained by the common 
pulley, whioh consists of a wheel called a sheave^ fixed 
in a Uock and turning on pivots. A groove is formed in 
the edge of die wheel m which the rope runs, the wheel 
revcdving with it. Such an aparatus is represented in 

We shall, for the present, omit the considieration of 
tfaak pait of the effects of the stifihess and friction of t^ 
maohkie, -mbkh is not removed by the contrivance just 
explained, and shall consider the rope as perfectly flexix 
hie and moving without friction. 



i>(Hn die definitioii of a fl^ziUe need* it finUoiW) that 
ks lettuen^ or tbe force by which it is lAtvtehed Htfoagl^ 
out its eatiie leiigtti, must be ttniibiiD. Fran Hh ptim^ 
dipk^ vni this alon^^ all Htm ■junhaiMcal ptopwtiM of 
jiolleys may be demad. ^ 

Althfmgh^ aa already esqdailied^ the whole aeataiioa] 
-officaAy of thia BMichinfl dependa on the ^Mlitiea of Hm 
cord, and not on thoae Of the blook and alieaT»t'*'i'i^' 
am mdy introdliced to Femova tike actsidantal aifecta ^ 
ftfU&odMB ajMl fiiotioB; yet it has beeft nanal to tpmi Ilia 
name puUey to the block and aheave, and a combinalidtt 
<if blocks, aheavaa, and ropes ia eallsd a iackh* 

(96a) When die rope pasaev aver a abfla whael,' 
^idtioh ia fixed in ite peoilibny aain jS^. 11&, the maahioa 
18 oalkd 9.fixedfvMey. Since the tenaian^of Ike «0rd ia 
unifem dmm^haeit its lenfdi, k fblkntra, that in dnaaoa^ 
<:lii&e the power and w^eight aie eqoaL For the wwigiil 
attetchea that pact of the eord wbacfa ia between the 
weight and p^ey, and the power streteiiea that pan 
between the power and the pulley.. And sincethe tait^ 
:8ion throughout die whofo iengtii ie theaaiae^ dw weighti 
must be equal to the i^wet^ 

. Hence it appears, that no mechaniaal adViint/^ige is 
gained by diia naohiae. NenetftheleBB, there is^acaiee-i 
Ij any engine^ sunple or coidpieity att^ided witk ibasai 
ceiiTenience. in the applicadon ef power, wiiether af 
men or animaB, or arising fioom natoaoil ibreee; dwie aitf 
always seiae cbrectioas in which it may: be eacertediltf 
ttwch greater donvenienee diid advantage than eihanr^ 
and iniaaay eaae8>die exertion ef dieae poireiB. la Iddl^ 
edtoaamgte dineclkm. A machine, tfaerefoley wiMi 
I en^lea na to give the most advamtageoaa dltoeothwttf 

I diemeydag power, whatoter ftethK ditecden'bf the«eu 

aiataiioe apposed td> it, eontiftntea ap nmeh pnaticaloiw 
Tenience, as one which enables a smaH power to batanei^ 
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Hsr ovMOome a gnat weight I& ^tirectiof the power 
against the reastanGe, it is often necessary to ose two 
fixed putteya. Thus, in elevating a weight A, Jig. 114^ 
to the amnmit of a building, by the atzength of a horse 
moving below, two fixed pulleys, B and C, may be used. 
The rope is earned firom A over the pulley B ; the rope 
passes, and returning downwards, is brought under C, 
and finally drawn by the aiumal on the horizontal plane* 
In the same manner sails are spread, and flags hoidked on 
the yards and raaste of a ship, by sailors pulling a rope 
(mfthedeelL 

By means of the fixed pulley a man may raise himself 
to a conaiderafale height, or descend to any proposed 
depth. If he be placed in a chair or bucket attached to 
oae end of a rope which is carried over a fixed pulley, 
by laying hold of this rope on the other side, as re^re- 
sei^d in Jig, 115., he may, at will, desce^hd to a depth 
equal to half of the entire length of the rope, by continual- 
ly yielding rope on the one side, and depressing the buck- 
et or chair by his weight on the other. Fire-escapes have 
been constructed on this principle, the fixed pulley 
being attached to some part of the building. 
- (370.) A dngU moveable puU^ IB represented in^. 
116. A cord ia carried fii>m a fixed point F, and pass- 
ing through a block B^ attached to a weight W^ passes 
over a fixed pulley C, the power being applied at P. 
We shall first suppose the parts of the cord on each side 
the wheel B'to be parallel; in this case, the whole 
weight W being sustained by the parts of the cords B C 
and B F, and these parts being equally stretched (968.), 
each must sustain half the weight, which is therefore the 
tension of the eord. This tension is resisted by the 
power at P, which most, therefore, be equal to hdf the 
weight In this machine, therefore, the weight is twice 
the power. 
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(271.) If the parte of die coird B C and BF lie not 
pmJlel, as in fig, 117^ a greater poirer than half the 
weight IB therefore necessary to sustain it To detep- 
mine the power necessary to support a given weighty in 
this case tahe the line BA in the vertical direction, 
eoBsisting of as many inches as the weight consists of 
ounces ; from A draw A D parallel to B C, and A £ 
parallel to B F ; the force of the wei^ represented by 
A B will be equivalent to two forces represented by B D 
and B E. (74.) The number of mches in these tines 
Tespectively will represent the number of ounces which 
are equivalent to the tensions of the parts B F and B C 
of the cord. But as these tensions are equal, B D and 
B £ must be equal, and each will express tiie amount of 
the power P, which stretches the cord at P C 

It is evident that the four lines, A E, E B, B D, and 
D A, are equal. And as each of them represents the 
power, the weight which is represented by AB most 
be less than twice the power which is represented by 
AEandEBtaJcen together. It follows, therefb^, iSiat 
as parts of the ropes idiich support the weight depiirt . 
from parallelism, the machine becomes less and less 
efficacious; and there are certain obliquities at which 
tile equilibrating power would be much greater than the 
weight f 

(979.) The mechanical power of pulleys admits of 
being' almost indefinitely increased by combination. 
Systems of pulleys may be divided into two classes ; 
those in which a single rope is used, and those which 
eonsist of several distinct ropes. Fi^s. 118. and 119. 
represent two systems of pulleys, each having a single 
ivpe. The weight is in each case attached to a movear 
Me bloek, B, in which are fixed two or more wheels ; A 
k a fixed block, and the rope is successively passed over 
Aewheekabeve and bel^w^ and, sfter passing over tfa« 
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last wheel abore, is attached to the power.' The ten- 
sion of that part of the cord ' to which the power is at- 
tacihed is produced by the power, and therefore equiva- 
lent to it, and the same tension must extend throughout 
its whole length. The weight is sustained by all those 
parts of the cord which pass from the lower block, and 
as the force which stretches them all is the same, viz. 
that of the power, the effect of the weight must be 
equafly distributed among them, their directions being 
supposed to be parallel. It will be evident, fifom this 
reasoning, that the wei^t will be as many times greater 
than the power, as the number of cords which support 
the lower block. Thus, if there be six cords, each cord 
will support a sixth part of the weight, that is, the weigM 
will be six times the tension of the cord, or six times the 
power. In fig, 118. the cord is represented as being 
finally attached to a hook on the upper block. But it 
may be carried over an additional wheel fixed in that 
block, and finally attached to a hook in the lower blocks 
as in fig, 119., by which one will be added to the power 
of the machine, the number of cords at the lower block 
being increased by one. In the system represented in 
fig, 118. the wheels are placed in the blocks one above 
the other ; in fig, 119. they are placed side by side, in 
alt systems of pulleys of this class, the weight, of the 
lower block is to be considered as a part of the weight 
to be raised, and in estimating the power of the machine, 
this should always be attended to. 

(273.) When the power of the machine, and therefore 
the number of wheels, is considerable, some difficulty 
arises in the arrangement of the wheels and ccnrdst 
The celebrated Smeaton contrived a tackle, which takes 
its name from him, in which there are ten wheels in 
each block ; five large wheels placed side by side, and 
five smaller ones similarly placed above them in the 



Umet bloiclc, nnd b^kw thetn in. the wppoSi Fig. 180» 
i^inre^ejite ^meaton's blocks without the rope. This 
^vrheelfl fure marked with the numbeie 1, 3^S, &c», in the 
Of der in which the tope is to be (wesed over them. At 
in this pulley 20 ^stinct ports cf the rope auppoit the 
lower block;, the weight, ineluding the .lower Mock, will 
be 20 tsmes the equilibrating power« 

{274.) In all these systems of puliey% every wkeel hat. 
a sepiirate axle, otid Uiere is a distinct wheel for every 
turn i^ >the rope at each block. £ach wheel is. attended 
with iriction on itA axle, and also with inctiotL betweeii 
the sheave and block. The machine is bytiusmeaafi 
robbed of a gre^t part of its efficacy, since, to overeome 
the incl^on alone, a eonsideraMe pow)er is in most cases 
necepsary. 

An ingenious cc»[itnvaxice has been suggested^ by 
which ell the advantage of a large monber of wheels 
may be obtained without the nmltipiied firictkn of diir- 
tinct sheaves e^d axlos. To comprehend the excel- 
lence of Uiis contrivance, it will be necessary to consider 
the rat€i at which the rope passes over the sevetal wheals 
of such a system, as Jig. 118. If one foot of the rope 
G F pass, over the pulley F, two feet must pass over the 
pulley £, because the distance between F and £ being 
^lortened one foot, the total length of the rope 6 F £ 
most be shortened two feet. These two feet of vope 
must pass in the direction £ D, and the wheel D, rising 
9ne foot, three feet of rope must consequently pass ovto 
it T|)ese three feet of rope passing in the direotian 
D Cy.and the r^pe D € being also ahorteiled one fi»ot by 
the ascent .of the lawef bloek, four feet of rope must 
pass over the wheel C. In the same way it may be 
Bhow9 that fivA feet must pass ov^r B, and six feet dver 
.^ Thus, whatever ^ th6 number of wheels m the 
upper aap4 law^r blocksy the paits of the lope which pass 
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in the. same time over the wheeLs in tlie lower block are 
in the pr^Kxrtipn of the odd numberB 1, 3, 5, Slc. ; and 
those whidi pass over the wheels in the upper block in 
the same time, are as the even numbeis 2, 4, 6^ Slc. If 
the wheels were all of equal size, as in^. 119^ they 
would revolve with velocities proportional to the rate at 
which the rope passes over them. So that, while the 
first wheel below revolves once, the first wheel above 
will revolve twice ; the second wheel below three times ; 
the second wheel above, four times, and so on. I^ 
however, the wheels differed in size in proportion to the 
quantity of tape which must pass over them, they would 
evidently revolve in the same time. Thus, if the first 
wheel above were twice the s^ of the first wheel be- 
low, one revolution would throw off twice the quantity 
of z6pe. Again^ if 1;he second wheel below were thrice 
the size of the first wheel below, it would throw off in 
one revolution thrice the quantity of rope, and so on. 
•Wheels thus proportioned, revolving in exactly the 
same time, might be all placed on one axle, and would 
partake of one common motion, or, what is to the same 
effect, several grooves might be cut. upon the face of 
one solid wheel, with diameters in ti^ proportion of the 
odd numbers I, 3, 5, &c., for the lower pulley, and 
corresponding grooves on the face of another sdid wheel 
represented by the even numbers 2, 4, 6, &.C., for the 
upper pulley. The rope being passed successively over 
the grooves of such wheels, would be thrown off exactly 
in the same manner as if every groove were upon a 
separate whieel, and every wheel revolved independently 
of the others. Such is White's pidley, represented in 

The advantage of this machine, when accurately con- 
structed, is very considerable. The fiiction, even when 
great resistances are to be opposed, is veiy trifling ; but, 



OB the oilier ha&d, it has correeponding disi^drantagvfl 
-which greatly circumscribe its practical utility. In the 
-vrjorkmanship of the grooves great difficulty is found in 
giving them the exact proportions. In doing which, the 
thickness of the rope must be accurately allowed for ; 
and consequently it follows, that the same pulley can 
never act, except with a rope of a particular diameter. 
A very slight deviation from the true proportion of the 
grooves wiU cause the rope to be unequally stretched,' 
and will throW on some parts of it an undue propor- 
tion of the weight, whilie ol^er parts become nearly, 
and^sometimes altogether dack. Besides these defects, 
the rope is so liable to derangement by being thrown out 
of the grooves, that the pulley can scarcely be consid- 
ered portable. 

For these and other reasons, this machine, ingen- 
ious as it unquestionably is, has never been extensively 
used. 

(275.) In the several syeiema of pulleys just ex- 
plained, the hook to which the fixed block is attached 
snj^rts.the' entire of both the power and weight* 
When the machine is in equilibrium, the power only sup- 
ports so much of the weight as is equal to the tension 
of the cord, all the remainder of the weight being 
tiirown on the fixed point, according to what was ob- 
served in (225.) 

If the power be moved so as to raise the we^ftt, it 
will move with a velocity as many timeff greater than 
that of the weight, as the weight itself is greflder than 
the power. Thus in Jig. 118., if the weight attached 
to the lower block ascend one foot, six feet of line will 
pass oveF the pulley A, according to^ what has been al- 
ready proved. Thus, the power will descend throtfgh 
six feet, while the weight rises ^ne foot Bat, in 'this* 
case, the weight is six tunes the power. All thft 
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cases of gprent weights raised bf sumU powst& by means 
of the eystem of [mlleys just described. 

i^Q.) When two or more ropes are used^ pulleys nu^ 
be combin/ed in rarions ways so as to prodntse any dagvee • 
of mechanical effect* If jto any of ihe aystenv alresMi^f 
described a single moveable pulley be added^the power- 
ed the machine would be doubled^ In this case^ the 
second rope is attached to the hook of the lower UodK^ 
a» in Jig. 1334, and being carried through a movealile 
puBey attached to the weight, it is finaUy brought up^t^ 
a fixed point The tension of tiie second cord is equal 
to haitf the weight (370«) j aad therefbre the power P, hy 
lOfeaas of the &9t cord, will bave only half the tensioA 
which it would haye if the weight were atfcadied to tl» 
iQ^r block A moveable pulley thus applied ie delted a 

(377.) Two systems of pulleys, called Spamsh har^MuHf 
having each two ropes, axe represented in j^. 13a Tbe 
teaaion of the rc^ P A BC ift the first system i^ equal 
to the power; and therefore the parts BA and BC 
support a portion of the wei|fht equal to twice the poweti 
The jpope E A su^orts the tensions of A P and A B |? 
and tber^ore the* tension of AE D is twice the pov^er. 
Thus the united tensions of the ropes which support ti)» 
pulley B is four times the power, which is therefof« die 
i||noMbl:4>f the weight In the second system^ the r<>pe 
P A 1> is stretched by Uie power. The rope AEBC 
fldSfagwps the united tensions A P and A D ; and there- 
fbm the tenaion of AE (« EB is twice the power. 
Tlvas^ the weight acts against three tensions ; two of 
wiHch^aiie equal to twice Ibe ponder, and the femaimng 
on^' is equal to the power. The weight is therefore 
equal to fii^ tines the power. < 
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'A single mpe imy be so ammged witii one moveable 
jnlley as to support a wei^ equal to three Ismes t^e 
power* Inj^* 1^. this arrangement is represented, 
vikere the numbers sufficiently indicate the tensioii of 
die W5pe, and the proportion of the / weight and power. 
In Jigp 1^. another method of producing the same effect 
TWth two ropes is represented. 

(278.) If several single moveable pulleys be made 
successively td act upon each other, the eff^t is doubled 
by every additional puHey : such a system as this is rep- 
resented in J^, 1261 The tension of the first rope is 
ecpMl to the power ; the second rope acts against twice 
the tension of the first, and therefore it is stretched with 
a force equal to twice the power : the third rope acte 
against twic^ this tension, and' therefore it is stretohed 
with a foitee equal to four times the power, and so on. ' 
In the system represented in Jig. 126, there are three 
ropif0, and the weight is eight times the power. Andth- 
«r tdpe would render it sixteen times the pcfwer, and 
so on. . # * 

In this system, it is obvious that the ropes will require 
to have different degrees of strength, since the tension to 
which they «re subject increases in a double proportioti 
firom the power to the weight 

(3f79;) If each of the ropes, instead of being attached 
to fixed points at the top, are carried over fixed pulleys, 
and attached to the several moveable pufleys respective- 
ly, is in Jig. 197., the power of the machine will be 
greatly increased; for in that case the forces which 
fitretoh the successive ropes increase in a treble instead 
of a double proportion, as will be evident by attending to 
Ae numbers which express the tensions in the figtiW. 
One rope would render the weight fhree ' times the jioW- 
er. Two topes nine times. Three ropes tw^nty-iseveii 
tfiD^Sy^ id on. An flfirraiige&eitt'of iwaieys ie^-^fepre- 
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, seaited in fig. 138^ by which eaeh rope, iiMrtetd^ -bmg 

finally attached to a fixed point, ad in fig. 126^ is attached 
to the weight The weight is in th^s case supported^ 
three ropes; one stretched with a force equal to the 
power ; another with a force equal to twice the power; 
and a third with a force equal to four times the power. 
The weight is therefore, in this case, seven ^es tiw 
power. 

(380.) If the ropes, instead oi being attached to the 
weight, pass through wheels, as in J^, 139;, and are 
finally attached to the pulleys aboye, the power of the 
machine will be considerably increased. In the system 
here represented, the weight is twenty-six tunes the 
power. 

(28jU) In considering these several combinatioiifii of 
pulleys, we have omitted to estimate the efiects produced 
by the weights of the sheaves and blocks. Without^en- 
teiing into the details of this computati<Nii it fOfLj he 
observed generally, that in the systems represented in 
figs, 126. J27. the weight of the whe^ and blocks ^aets 
against the power ; but that in fig^. 128. and J128« they 
assist the powers in supporting the weight. In the 
systems represented in J^. 123. the we^ht (^ the pul- 
leys, to a certain extent, neutralize each other. 

(282.) It will in all cases be found, that that quantity 
by which, the weight exceeds the power is supported by 
fixed points ; and therefore, although it be commcHily 
stated that a small power supports a great weight, yet in 
the puUey, as in all other machines, tiie power supports 
no more of the weight than is exactly equ9l to' its own 
amount. It will not be necessaiy to establish this in 
each, of the examples which have been giyen ; .Iw^raig 
explained it in one instance, the student w^l find no 
difficulty in applying the. same reasoning. tp o^ei|B. In 
fig* 126^ the j^sed pulley s!;u9taiQa « for«e ^qju^^tp^wip^ 



' tke 'power, and by it the power giving tensioii to the fir6t 
lope sustains a part of the weight equal to itself. The 

- first hook sustains a portion of the weight equal to the 
teiunon of the first string, or to the power. The second 
liook sustains a force equal to twice the power ; and the 
tlnrd ho(^ sustains a force equal to four times the power. 
The three hooks therefore sustain a portion of the 
weight equal to seven times the power ; and the weight 

' iteelf being eight times the power^ it is evident that the 
pftrt of the weight which remains to be supported by the 
power is equal to the power itself. 

(7S3.) When a weight is [raised by any of the systems 
of pulleys which have been last described, the proporddn 
between the velocity of the weight and the velocity of 
the power, so fiequentiy noticed in other machines, will 
always be observed. In the system of pulleys represent^ 
ed in^. 196., the weight being eight timeitf the power, 
the velocity of the power will be eight times that of the 
weight If the power be moved tlirough eight feet, that 
-part of the rope between the fixed pulley and the firat 
moveable pulley wiU be cdiortened by eight feet And 
since the two parts which lie above the first moveable 
pulley must be equally shortened, each will be dimin^ 
ished by four feet ; therefore the first pulley will lise 
through four feet, while the power moves through eight 
feet In the same way it may be shown, that while 
the first puUey moves through four feet, the second 
moves through two; and while the second moves 
through two, the third, to which the weight is at- 
attached, is raised through one foot While the power, 
therefore, ia carried thit>ugh eight feet, the weight is 
teoved through one foot 

By reHsonii^ similar to this, it may be shown that the 

' d^e through which the power is moved in every case is 

tB dnmy tim^s gr^aier than the* height through which 
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power, 

(284.) from ita partaj>le f(»iQ^ cJae^jH]^^^ of c^steuc* 
tion, and the facility ^ith wh»:h it Hiay be ap{4ie4«i 
almost eveiy situatipp% the pi^lley i» 00.0 of tke msi0t 
useful of the simple inacstuA^* '^^ mech(&iiifial md- 
.y^ntfge, however^ yduch it app^^s in theory topc^fsese |s 
considerably diminished i^ i^actice, oiling to the stiff- 
ness of the cordage, ai^d tl^e. friction of the wheels ani 
|)locks. By this miea^ it is coinp)|ted that io beici^ 
cases so great a proportion fj» ^wo thirds of th^ pow- 
er is lost Tl^e p^Uey is ifiMcl^ use^ in building, vi^ere 
^ly^eiglfts axe to be elevated to gr^at heights, '^al its 
.jp.Q^ ,eqEten8iy|e appli,«a1iiR& i^ foimd i^ 0ie PSS¥fS ^^ 
ffl^ps, wher^^ .alix^p4 evezy mptipn.is^ m^f^oj^lish^.by its 

(^85.) Jn p|l the exapaples pf pidiej^j we hs^^ «»§- 
pi9sed the paits of the .rope sustaining t^ yf^igH *^ 
jsach pf the moveable p#^yfi[. ^ be pi^r^el t^o em^ 
o^er. If they be subject to conflii^e^l^ obliqui^ t||s 
relative tensions pf the difierent ropes must be e^tiaoy^- 
,fed aopprding ^ thp principle applied i|) (^1.) 



CHAPTER XVL 

(286.) T^ inclined pl^ is the most j^imipfg f^.^fjl 
machines. It is a hard plane, s^rf^ce t(f^m^f WW^ 
angle vith v^ horizpplj^ plai^, thft| ^ angle, n^qt ^^JHf a 
right angle. Whea?L weight i^ glq^ei^o^vw^jfeif.^^^i 

a two-fpW i^^^ct km^m4fA:^9i^'^.^W 



stire ^oii ft j and thei i^mtoiider lA*^ tlie w^%tit down* 
the jyltoe, oM wbiM ^dtic6 a' presscG^e agahist aiiy 
sW^6 re^tiiig i6? todtion placed in a direction perp^n- 
eSSmt to m plane (1^.) 

Lei A B, J^: f3d;, be sii6h a plane, B C its horiaori- 
trfbitri^,- A C its Leight, aiid A BC itoi angle of elevation. 
Let W b€# a- weight pdaced upon it ThS* height acts 
itftheveHfeal S^t^m W J>, iiiifdiu equivalent fo'fWo- 
faV^is; WIP ffet^peM^nW ^ flie plane, etM "Wt df^ 
rected down the plane (74.) If a plane he* pfl^bced alf' 
j^ttHi^m tl^^i&ihfcfihefd JrTanfe beloW W, if Witf resist 
tfe aeftte^nf 6f th^ weigHi, ind araf^taiii k pressmie 6x:- 
p^fe«ft*;«y Wff/ iM^, ^ n^^igto W restfci^Mffi^- 
^<mmi^'^iki^^pHi^tmig ottepr^^sAre iil^ lie <fire6- 
tKte^W p, ^'prtjdifce itfro pre^j^irfer, 6n6 expressed 8y^ 
WiFApiifrfli^ iiielinea ifdane^ antf tfie otlier expressed 
by tV^E'^ott thte fesiistMg pfttriei. Tfies6 ptesanr^s re- 
8pRer<?fiv6!ji^h«ve the* s«tme proportiori tb'liie entire' weightf 
aa "Wt'im WE* have to" WB; or tcs ifKaind Wli 
httve to W B, hecaltoe If Bis eqrisl to W Pi Now ike 
triangle W E D is in ail respects similar to the triangle' 
A B C, the one differing front the other only in Ae scale' 
on which it is constructed. Therefore, the three lines' 
A C, C B, atod B A, are in the same proportion to eacli: 
olJ^r as tfie lines W E, E D, and W D. Hence, A » 
h%s to A G the same proportion as the idiole weight 
has to the pressnre directed toward B, and A B has tc 
BC the same proportion as the whole weight has to: 
the pressure on the inclined plane. 

We have here supposed the weight to be sustained 
upon t^e inclined plane by a hard plane fixed at right 
angles to it But the power necessary to sustain ihe' 
we^ht wffl be the same in whatever T^y it is applied^ 
provided it act in the direction of the plane, ^huff, a 
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poirtr be mdi as to neoM tiie wviglit «t tiie nte of 
one foot per minnte, tbe weight may be movad in each 
muiiite tfaroiigb that length of the road wfaieh com- 
aponda to a riae [of one foot Thus, if two loada liae 
one at the fate of a foot in fifteen feet, and the other tt 
the rate of one foot in twenty feet, the same ezpen< 
diture of power will move the weight through ^fifteen 
ibet of the one, end twenty feet of the other at the same 
rate. 

From such considerations as these, it will readily ap- 
pear that it may <^ten be mote expedient to cany a 
road through a eircuitous route than to ^^ontinue it in the 
most direct course ; for though the measured length 
of road may be considerably greater than the former 
case, yet move may be gained in speed with the same 
expenditure cf power than is lost by the increase of 
distance. By attending to these circumstances, modem 
road«maJp^ have greatly fiicilitated and expedited the 
Intercourse between distant places. 

(388.) If the power act oblique to the plane, it wiiQ 
have a twofold efifbct ; a part being expended in support- 
ing or drawing the weight, and a part in diminishing or 
increasing the pressure upon the plane. Let WP, 
Jig. 130., be the power. This will be equivalent to two 
finces, W F^ perpendicnlajr to the plane, and W E' in 
the direction of the plane. (74.) in order, that the power 
ahould sustain the weight, it is necessary that that part 
*W £' of the power which acta in t^e direction of the 
plane should be equal to that part WE,Jig. 130., i)€ 
the weight which acts downihe plane. The other part 
W F ef the power acting perpendicular to the plans m 
hnmediately opposed to that part WF^tof the weight 
vinoh produces pressure. The preenue upon ^ plaAe 
win therefisre be diminished by the amount of WF'. 
The amowit .of the power whioh will ^aaihrate w^ 
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tlie weight nmy^ in tbk case, be fomd lui folloirv. Take 
W E' equal to W E, and draw E' P perpendicular to the 
piane^ and meeting the direction of tiie power. "Hie 
proportion of the power to the weight will be that of 
W P to W D. And the proportion of the {Nressnre to 
the weight will be that of the difference between W F 
and W F' to W D. If the amount of the power have 
a less proportion to the weight than W P has to W D, it 
will not support the body on the plane, but will allow it 
to descend. And if it had a greater proportion, it wUl 
draw the weight up the plane towards' A. 

(289.) It sometimes happens that a weight upon one 
inclined plane is raised or supported by another weight 
upon another inclined plane. Thus, if A B and A B', 
Jig. 131., be tw^o inclined planes forming an angle at A, 
and W W be two weights placed upon these planes^ 
and connected by a cord passing over a pulley at A, the 
one weight wHl either sustain the other, or one wiH 
descend, drawing the other up. To determine the cir- 
cumstances under which these effects will ensue, draw 
the lines W D and W D' in the vertical direction, and 
take upon th^m as many inches as there are ounces in 
the weights respectively. W D and W D' being the 
lengths thus taken, and therefbre representing the 
weights, the lines WE and WE' will represent the 
effects of these weights respectively down the planes. 
If W E and W E' be equal, the weight will sustaiii 
each other without motion. But if W E be greater than 
W E', the weight W will descend, drawing the weight 
' W up. And if W E' be greater than W E, the weight 
W will descend, drawing the weight W up. In eveiy 
case the lines W P and W F' will represent the pres- 
sures upon the planes respectively. 

'It is not necessary, for the effect just described, that 
tfi^ jnelin^d planes etkoM^ tn represented ii^ the fitN^y 
oS 
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form an uigle with each other. They may be pandlel, 
or in any other position, the rope< being cajried over t^ 
^afficient number of wheels placed so as to give it 
Ihe necessary deflection. This method of moving 
kMtds is firequently applied ia great public works whete 
rail*roads are used. Loaded waggons descend one 
inclined plane, while other waggons, either empty or so 
loaded as to permit the descent of those with which they 
are connected, are drawn up the other. 

(290.) In the application of the inclined plane which 
we have hitherto noticed, the machine itself is su|^>osed 
to be fixed in its position, while the weight or load is 
moved upon it But it frequently happens that resifit- 
ances are to be overcome which do not admit to be thus 
moved. In such cases, instead of moving the load upon 
the planes, the plane is to be moved under or against the 
load. Let D E,J^. 132., be a heavy beam secured in a 
vertical position between guides F G and H I, so that 
it is free to move upwards and downwards, but not laV 
erally. Let A B C be an inclined plane, the extremity 
of which is placed beneath the end (^ liie beam. A 
fbice applied to the back of this plane A C, in the di^ 
lection CB, wjH tage the plane under the b^am so 
as to iraise the beam to the position represented in the 
^. 133. Thus, while the inclined jdane is moved 
through the distance C B, the beam is raised through the 
height C A. 

(291.) When the inclined plane is applied in this mao- 
ner, it is called a wedge. And if t^e power applied'^ 
the back were a continued pressure, it^ pxopo^tion to 
the weight would be that gf A C to C B. It <yiowpi, 
therefore, that the more w;ute the a^gle B ji^ the w^k^ 
powerful will be the wedg-e. 

In ^ome i^aseS) t^e w^4ge is formed of tvao ippjiiped 
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Tbe theoveticid ettimalion of the power of tlw tnadmie 
ifi not applicable in 'practice with any degree of acenrir 
cy. This is iii part owing to the enonnous propoitiom^ 
which the friction in most cases bears to the theoret- 
ical value of the powez^ but still more to the nature of 
the power generally used. The force of a blow is of m 
natme so wholly diiferent from continued forces, such as 
the pressure of weights, or the resistance offered by tfaa 
cohesion of bodies, that they admit of no numerical 
companson. Hence we cannot propeiiy state liie pro* 
portion which the force of a blow bears to the amount of 
A weight or resistance. The wedge is almost invanaUy 
urged by percussion ; while the resistances which it han 
to overcome are as constantly forces of the other kind; 
Although, however, no exact numerical con^oiistm 
can be made, yet it may be stated in a general way tlnit 
the wedge is more and more powerful as its angle is 
more acute. 

In the arts and manufactures, wedges are used when 
enormous force is to be exerted through a veiy sniafl 
«pttce. Thus it is resorted to for splitting masses df 
tknber or stone. Ships are raised in docks by wedged 
driven nnder their keels. The wedge is the principal 
agent in the oil-milL The seeds from which the ofl is to 
be extracted are introduced into hair bags, and placed 
between planes of hard wood. Wedges inserted hei- 
tween the bags are driven by allowing heavy beams ts 
fijl on them. The pressure thus excited is so. ii^teaHi 
that the seeds in the bags are formed into a mUMs neariyr 
as solid as wood. 

Instances have occurred in which the w^dge has bae^ 
used to restore a tottering edifice to its perpeodictilss 
position. All cutting and piercing instruments, siieh si 
taivesi razors, scissors, chisels, &c., nails, pins, needtoi) 
awh, &M. are wedges. Th^ angle of the w64ge, im 
o4 
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these cftflM, is mme or less actttfe, aceordiiig to th^ pur- 
pose to which it is to be applied. In determining this, 
tiro. things are to be considered — the mechanical power, 
which is increased "by diminishing the angle of the 
wedge ; and the strength of the tool, which is always 
diminished by the same cause. There is, therefore, a 
{iractical limit to the increase of the power, and that 
degree of sharpness only is to be given to the tool 
Which is consistent with the strength requisite for the 
purpose to which it is to be applied. Ih tools intended 
for cutting wood, the angle is generally about 30°. For 
iron it is from M)o to 60° ; and for brass, from 80o to 
ftOo. Tools which act by pressure may be made more 
acute than those whic^ are driven by a blow; and 
in general the softer and nfore yielding the substance to 
be divided is, and the less the power required to act 
iipcm it, the more acute the wedge may be constructed. 
In nuiny cases the utility of the wedge depends on 
that which is entirely omitted in its theory, viz. the 
ftietion which arises between its surface and the sub- 
stance which it divides. This is the case when i»n8, 
bolts, or nails are used for binding the parts of stroc- 
toces together ; in which case, were it not for the ftic- 
tbn, they would recoil from their places, and fail to pro- 
flnce the desired effect. Even when the wedge is 
used as a mechanical engine, the presence of friction is 
absolutely indispensable to its practical utility. The 
pvwer, as has already been stated, generally acts by sac- 
etssive blows, and is therefore subject to constant inter- 
mission, and but for the friction tiie wedge would recoil 
between the intervals of the blows with as much force 
as it had been driven forward. Thus the object of the 
hd>oiir would be continually frustrated. The friction in 
tbis case is <^ the same use as a ratchet wheel, but is 
Mich more necessary, as the power applied to the wedge 
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in more liable to intermission than in the ca^s where \ \ 
ratchet wheels are generally used. , . . ^ \ . 

(292,) When a road directly ascends the side of a hill, ^ 
it is to be considered as an inclined plane ; but it will not 
lose its mechanical character, if, instead of directly as- 
cending towards the top of the hill, it winds successively 
round it, and gradually ascends so as afler several 
revolutions to reach the top. In the same manner a path^ 
may be conceived to surround a pillar by which the ac- 
cent may be facilitated upon the principle of the inclined 
plane. Winding stairs constructed in the interior of 
great columns partake of this character ; for although the 
ascent be produced by successive steps, yet if a floor 
could be made sufficiently rough to prevent the feet ' 
from slipping, the ascent would be accomplished with 
equal fitcility. In such a case the winding path woulq 
be equivalent to an inclined plane, bent into such a forn^ 
ns to accommodate it to the peculiar circumstances ix^ 
which it would be required to be used. It will not be 
difficult to trace the resemblance between such an adapt- 
ation of the inclined plane and the appearances present- 
ed by the thread of a screw : and it may hence be easily 
understood that a screw is nothing more than an inclined 
plane constructed upon the surface of a cylinder. 
. . Tliis will, perhaps, be more apparent by the following 
contrivance : Let A B, Jig* 135., be a common roun^ 
ruler, and let C D E be a piece of white paper cut in the 
form of an inclined plane, whose height CD i^ equal 
to the length of the ruler A B, and let the edge CE 
of the paper be marked with a broad black line : let the 
edge C D be applied to the ruler A B, and bein^ attached 
thereto, let the paper be rolled round the ruler ; ^e 
rulep will then present the appearance of a screw,' J^. 
136., the tliread of the screw being marked by thle black 
line CE, winding continually roun^ the ruler. '^lie^ !>'¥, 
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Jig. 135^ be equal to the circTimfereUce of the ruler, and 
draw P G parallel to D C, and G H parallel to D E, the 
I>art CGPD of the paper will exactly surround the 
ruler once ; the part C G will form one spire of the 
thread, and may be considered as the length of one in- 
inclined plane surrounding the cylinder, C H being the 
corresponding height, and G H the base. The power of 
the screw does not, as in the ordinary cases of the in- 
clined plane, act parallel to the plane or thread, but at 
right angles to the length of the cylinder A B, or, what 
is to the same effect, parallel to the base H G ; therefore 
the proportion of the power to the weight will be, ac- 
cording to principles already explained, the same as that 
of C H to the space through which the power moves 
4>arallel to H G in one revolution of the screw. H C is 
evidently the distance between the successive positions of 
the thread as it winds round the cylinder ; and it appears 
from what has b^ en just stated, that the less this distance 
i^, or, in other words, the finer the thread is, the more 
powerful the machine will be. 

(293.) In the application of the screw the weight or 
resistance is not, as in the inclined plane and wedg^e, 
placed upon the surface of the plane or thread. The 
power is usually transmitted by causing the screw to 
move in a concave cylinder, on the interior surface of 
which a spiral cavity is cut, corresponding exactly to 
the thread of the screw, and in which the thread will 
move by turning round the screw continually in the 
same direction. This hollow cylinder is usually called 
jthe rwi or concave screw. The screw surrounded by its 
spiral thread is represented in ^. 137. ; and a section 
o^ the same playing in the nut is represented in Jig. 138. 
. There are several ways in which the effect of the 
§pyfex v^y h^ conyeyed to the resistance by this appa- 
'ntan. ' * ' "' " •' ' ; ' - ; 



First, let «sfli9po^tkftt Item* AAia&Md. If IImt 
screw be eontmually tumed on its uds, by a lever EF 
inseoted in one lend of it, it vnM. be watxf^d in the dirsc^ 
tioa € J), advanciflif every revcdiition tfaioagii a apaee 
equal to the distance between two contiguous threads. 
By turning the lever in an opposite direction the screw 
will be moved in the direction D C. 

If the screw be fixed, so as to be ineapaUe eitiier of 
moving loogitudinaily or revolving on its axis, thennl 
A B may be tunted upon the screw by a lever, and UriU 
move <»i the screw towards C or towards D, according td 
the directm in which the lever is tamed. 

In the former cases we have supposed the nut to he 
absokitely immoveable, and in the latter case the screw 
to Ibe absolut^y iimnoveable. It may happen, however^ 
that the nut, though capable of revolving, is incapable of 
moving Ipngitudinally ; and that the screw, though inoa- 
pai^le of revolving, is capable of mojring longitudinally* 
In that case, by turning the nut A B upon the screw 
by the lever, the screw wiU be urged in the du^ction €S D 
or D C, 'according to the way in which the mrt is tomed* 

The apparatus may, on the contrary, be so arranged, 
that the nut, though incapable of revolving, is capid>le of 
moving longitudinally ; and the screw, though capable hf 
revolving, is incapable of moving longitudinally. In 
thia case, by turning the screw in the one direction or in 
the other, the nut A B will be urged in the direction C B 
or DC. 

AU these various arFangements may he obseavBd ift 
diSer^t applications tp the optcl^e. 

(^r) A screw may be cut upon a cjliBder by ip^mg 
tjie cylinder in a tuq^ng lathe, and giving it a wMmyt 
motion upon its ads. The cutting point is then present- 
ed to ^e cylindejr, fuid moved m tihe direolao]^ of its 
leligttiijftt 9^^ a rat(5 aa .tPihe.^iiWTiedlilttaagiiilihe-dis- 
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Iiacd between tihe intended thread, winle the cylinder 
levolrea once. The relative motions of the cutting* 
point and the cylinder being preserved with perfect uni- 
formity, the diread will be cut from one end to the other. 
The shape of the threads may be either square, as in 
Jig, 187«, or triangular, as in Jig, 139. 

(295.) The screw is geneially used in cases where 
severe prei^sure is to be excited through small spaces ; it 
Is therefore the agent in most presses. In Jig. 140., the 
nut is fixed, and by turning ^the lever, which passes 
through the head of the screw, a pressure is excited 
upon any substance {daced upon the plate immediately 
under the end of the screw. In Jig, 141., the screw is 
incapable of revolving, but is capable of advancing in the 
directioii of its length. On the other hand, the nut is 
capable of revolving, but does not advance in the direc- 
tion of the screw. When the nut is turned by means 
of the screw inserted in it, the screw advances in the 
direction of its length, and urges the board which is 
attached to it upwards, so as to press any substance 
placed between it and the fixed boad above. 

In eases where liquids or juices are to be expressed 
from solid bodies, the screw is the agent generally em- 
ployed. It is also used in coining, where the impression 
of a dye is to be made upon a piece of metal, and in the 
same way in producing the impression of a seal upon 
wax or other substance adapted to receive it. When 
soft and light materials, such as cotton, are to be re- 
duced to a convenient bulk for transportion, the screw 
is used to compress them, and they are thus reduced into 
/hard dense masses. In printing, the paper is urged by a 
severe and sudden pressure upon the types, by means of 
a screw. 

(996») As the mechanical power of Ihe screw depends 
upon Ihe relative magnitude of the circumference 



tbzoiigli wJhieh the p/x/we r^voivm, tind .the 'dittiii06> 
between- the threap it is evident; thttl^ to incieMe the: 
efficacy of the machiiie^ we mait either . iocieaee ' thei 
length of the lever by which the power, acts, or Himitii^h , 
the magnitude of the thread. Altfaoti|^ there is no* 
limit in theory to the increase of the ]n^f>>wgfri^ effieaay' 
by these means, yet ptactical kieoBvenience aiises 
which effectually prejfQnf» that inoBease being canied 
beyond a certain extent If the lever: by wMcb the 
power acts be increased, the eame difficulty arises ae: 
WW akeady ez^ained in the wheel and axle (254*) ; the 
space through which the power should act would be ee>' 
unwieldy, that its amplication would become in^ractiea- 
ble. If, on the other-hand, the power of. the mabhiBe be 
increased by diminishing the size of: the thready tbe> 
strength of the thread' will be so diiBiiualied,. tbat a> 
dight resistance wJH tear it finm the. cylinder. The* 
ca^es in wbkh it is nec/aesaryta increase /the power of 
the machine, b^ng thoae in which, the greatest reastsii*- 
ces are to be overcome, the . oigeet will evidently be de«< 
feated, if tb? means chosen to inciAase that power de- 
prive the machine of the strength which is neceissary to. 
sustain the force to which it is to be submitted. 
. (397.) niese inconvenienoes am removed by a eoi^' 
trivance of Mr. Hunter, which, wbafte it ginres to the m»» 
chine all the requisite strength and compactness, alioiirs 
it to have an ahnost unlimiied degree of miechameal 
efficacy.. 

This oontnTimce c<wsiata in. the use of two scibws^ 
the thieads of which may have any strength atid magwr 
nMwtde, but. which have a very small difference of 
iHreadtfa. While the, working point is urged forward by i 
thatwhichhasthe greater thread, it is drawn back by > 
that which haa the less ; so that during each revdulmar 
the screift instead, of being advanced i through' a space. 



1 
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a single soi^tr brn^g a. ttte^^ Wllbiie iM^ititdAs 9" 
equaL to tbe 4Mfibi^llbe of Hid' iiiN|fiiiidd^ of i£(6^t#tr 
tiucatojaatjaaiitiDned^ 

ThaiB, ivithout. mMtLv4i^Mliffmif9aaliig Ifie ^«i^ df 
the powei^Mi the <na bitady ctti eft tte oi^i^, a^nJldA- 
iiig:t]ietiiiead> imtil the necesacu^^ stiteih^ k }oe^ fiie 
macUne mft aaquiiai m effiea^y fidyted by nothing 
faufe ^& ttDdloedB* of the difly^rtfliG^ h^htr^^A th^^ twor 
tteeads. 

. "ShiapniiciplBiNlB in» afrp^tfd 'illi tte iMMie!i^ i^i«^ 
80M»ixDi%i.lA A llfe.gieita» Ihn^ttd/^i^gritt^ 
tfaii fitted nitt ; B ul the lasael^tlVMlAf^i^ aiK)ii «^ «^^ 
ogrlhMbr^awlplayaiigm m tdmkY^ mf^w, i^ht inHHMfSif 
^Beater. c]4mAnr. Ihnkig tfteff i^iMiStiotf «f tfl^ 8^rt9#, 
te ejdntfef A dt«90iid9 Ihim^^ « sj^iU^ tkfoM; Ufikt' 
ilitjawnbeWHwy M tlteadsi^ M tha s«n«r thsi» the 
flnaalM qdiader B' aaeandp through a gpajb^ e^tud to tha 
dktaBaa bet««)eff the lireide cot np5B il? the efifeet is, 
thattiw board D deaoeada ttaftugh asfltfee^ald to the 
difference .betmeatt the IftMads Ji^aa A aad* tha tftteadir 
jxpan B, and the maehine hasr a pairay p#(Sfj^iairlionate to 
the sHnllBesB of thiadilfturanoe. 

ThoSffon^ose thesoia^ A has ^a^aiy tfireadiitf hi sea 
inch^. whileF the seiev B isa tWeaty^^eiSe f dixAng on^ 
revolution, the screw A will descend through a space 
eqvai to the SOth psvt of an inch. If^ dofhig this 
motifavthe acrew B did not turn wiliiin A, the board I> 
would be advanaed. through the HOth of an inch ; bat 
beeanaatha holikfw scirew wilian^ A tama aj^n B^ the 
saaewBwiB, tfelatiiwljr to A^ be rahiad in onia i^^fvoliitioa 
thnHigh»spaae>e«|«aito*thefi]MpsatofaniBfehi Thua^ 
wUa the:bpttd D ia deiMWPl^ Aieugh nhe Mhaf aai 
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incJjL )\jr til^e gcnew |^ It ioi tfaKyefore, en tiie wirole, 
4epxe9se(i ithvough a Mpt^ce «qoal to tlie excen of the 
20th of an inch above the Slat of an inch, tiiat », 
through the 420th of aa inch. 

The power of this machine will« theieforo, be ex- 
pressed by the number of times the 4d0th of an inch is 
contained in the ciroun^erenee through vhich the power 
moves. « 

(298.) In the ^«ctical af^iiieation of ^taa principle 
at present the nfianf mnent is aoanBvhat diifeient ^he 
two threads are usually cut on diffiarent pailp of tke 
wfoo cylinder.* ^ nuts be flnppoied to be plaoed upon 
thiese, wl^h are csitpble of aiiving in the directioii of 
Hie lej^gth, but list of xeii <Mlig, it is evident that bf 
tiiriwg the i^^w opee found, each ant wiH be advanced 
thpu^aspf^se equal IP ^e breidth of the respeelive 
.Ijlireads. 9s ^ mefma the two ^ratn will eifthor ap^ 
proacti e(«ph ptji^rt or metoiifiy leeede, axHsordin^ to Hm 
direptiPA in whicl|. t^e 0U9w k immed, tfareagk« sptee 
e^ual to ^ di|Eefe])ce of the kifpMk of Ifae thtesjis, 
and ik^f viK ejf^H a iaH9 mlktit m c auipi e BM a g or 
pfctending ^i^sub^taaoe ^a»ed befewfi^ tiiem, propof- 
tionate to fh^ ^pnpllnois of that dlibieoo*. 

(299.) A JxMith^d wb^el is sometimes used instsad iof 
a mtf 80 tbf^ ^^ siano qualdy by '^deh te fevolotifm 
of the screw usges the iigit ^vvaid is applied to main 
the wheel revolve. T1n» acfBw.is intids caae oaUed 
afi end^^es sciew, Becatme its actiennpsii the wfaeri im^ 
be c<»(ti|i^ed wi^ut limit 1^ Itpplkaliim ef the 
«??5W 9 Uf »»9«rt»d in M' 14a P i» tb^ wiriA to 
which the power is applied ; and its effect at the qbtraui- 
.«%||jiy^^ jttie !if«beel m esfimftfld in-tbe same^oiaimAr as 
^i^m^iog^^m^mon^bttm^' Musarffe«tris4» 
>tedMWik«4lM{f»pfiiMl^ 
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«of'tii^M«ei;^airf'iis pi*opdrtiofi 46^ the irei^t or te- 
sistimce iis to «be etitc%ilatftd= in Hie same mafiner as 
t&e proportion of the poorer to the weight in the wheel 
and axle. 

(300.) We have hitherto considered the screw as 
an engine used to overcome -great resistances. It is 
-also eminently useful' in several departments of expeii- 
' mental science, -for the measurement of very minute 
motions and spaces, the magnitude of which could 
'filcaicely be ascertained -hy any other means. The veiy 
alorvr motimi which m»f be unparted to the end of a 
•aere'w, byayery cotisiderable motion' 'in the power, ren- 
.ders it' peeuHatlyi #ell adapted for iMs j>urflose. To ez- 
iplain the inannerin whieii it is appMed ' — suf^Kise a-serew 
to be'so>out aS'tohftve- ^fty thiiBads Sn an inch, each rev- 
dulioa-of the scmw wiH advanceKits point through' the 
fiftieth part of an inch. No#, suppose the head of the 
•screw to be' aciitle^ wholse diameter is an inch, (he cir- 
GttmlbrenBe of the head tritt'be something more than 
three inches t this ma^ be «airily ^vided into a hundred 
.equal parts distiltctfy visible^ If a fixed index be pre- 
isenled to this* gmdnalted clKttQtff^enee, the hundreddi 
•part qf.Ji liivolDtiolKiirthe 'screw may be observed, by 
noting the paasagci <fii<ai» diviflson of tihe- head undi^ 
1the indcK.' Sines \ one entb-e itdt^Dlution of the head 
}mov68 the pednliihtougi vtlva Hfiieth of an inch, one S- 
idaion wHI coffespottd^to &4 five ^ousicndth of an inch. 
Um rorder to obscirve th«' motion^^ Of the poiilt of the sci^ew 
in tfafis case, 4 fine >wir^ is ^Mtmit^d to it, which is caf- 
'ilsd'^aciQBS the fielci of view of a powe^ n^eloscope, 
(by .Which this niotibn is so. magnified as to be iBsfineiiy 
perceptihle. 

'r Aaenmrubd&twatb^pagpfx^ia istineinii/^k^ 
<«6Mts;. fifackAtf apfwpatHfcisiumitty wttiUheA^to the mOm 



«oal and other observatioiL • Wi&out the aid of this 
apparatus, no observation could be taken with greater 
accuracy than the amount .of the smallest division upofi 
the limb. Thus, if an instrument for measuring anglefi 
were divided into small arches of one minute, and an 
angle were observed which .brought the index of thp 
•snsprun;ient to some point between two divisions, -we 
.could QQly conclude that the observed angle must cons^^t 
.qf a certain number of degrees and n^utes, together 
with an additional number of seconds, which would b^ 
unknown, inasmuch ajs there; would be no means of as- 
certaining the fraction of a minute between the index 
and the adjacent division of the instument But if a 
screw be provided, the point of which moves through a 
space equal to one division of the instrument, with sixty 
revolutions of the ^hoad, .and ,that.the head itself be di- 
vided into one hundred equal parts, each complete revo- 
lution of the screw will correspond to the sixtieth part 
of a minute, or to one second, antf each dlvisiori on the 
h^ad of the. screw will correspond to the hundredth part 
of a second. The index beii^g attached to this screw, 
rlet the head bo tipned until the index be moved from its 
observe4 position. to the adjacent division of the limb. 
.Th^iyminber of complete revolutions of the screw ne- 
(^essary to accomplish this will be the number of sec- 
onds; and the number of parts of a revolution over the 
complete number of revolutions will be the hundredth 
parts of a second necessary to be added to the degrees 
jand miputes primarily observed. 

,It is not, hoTv^ever, only to angular instruments that 

the microm^t^r screw is. applicable ; any spaces whatev- 

.,er may b.e^efiaiire4,by jit, , Au instance of. its mecham- 

ijal ,jipj^<?^on n^^jjjte-vipentipiijed in a steel-yard, an m 

j|ixpp^p1jrffjr'.^,eT^^ ^t^e aipovit . of wei^htsl^y ^^ 

given weight sliding on a long graduated arm of a lever* 

P 
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The distance from the fujcrum, at which this weight 
counterpoises the weight to he ajscertaine^, serves as a 
measure to the amount of that weight When the 
sliding weight happens to he placed between two divis- 
ions of the arm, a micrometer screw is used to ascertain 
the fraction of the division. 

Hunter's screw, already described, seems to he well 
adapted to micrometrical purposes ; since the motion of 
the point may be rendered indefinitely slow, without 
requiring an exquisitely fine thread, such as in the single 
screw, would in this case be necessary. 
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. ON TH£ l^EGULATtON AND ACCUMULATION OF FORCE. 

(301.) It is frequently indispensable, and always de- 
sirable, that the operation of a machine should be regu- 
lar ,and ^niform• Sudden. changes in its velocity/ ^d 
desultory variations in the elective Energy of its powqr, 
are pflen injurious or destructive to the apparatus itself, 
and when applied to manufactures never fail to produce 
unevenness in the work. To invent methods for insur- 
ing tKe regular motion of machinery, by removing those 
causes of inequality which may be avoided, and by com- 
pensating others, has therefore been a problem to which 
much attention and ingenuity have been directed. This 
Is chiefly accomplished by controlling^, and, as it were, 
measuring out the power according to the exigencies' of 
the machine, jGind causing its effective energy to be al- 
ways commensurate with the resistance which it ha^ to 
overcome. - « ^ ' •. - e-^ *' '*-^ * > 



.toogitlilillar in ^ motioo Of nmMmuj tmy prooeed: 
fJBom ooe er wore ot th« following causes: — 1. iire^** 
larity in the p^ime mover ; 2. occssional varimtion in' tiie 
amount of the load or remstance ; and, 3. because in tiie 
varioas pooEtions which the pazts of the machine assome 
during its motion, the power may not be transmitted 
with e^ual ^ect to the working point 

The energy of the prime mover is seldom if ever 
regular. The force of water varies with the copiousness 
of the stream. The ppwer which, impels the windmifi 
is pffoverbiaJlf capiieious. The pressure of steam varies 
wik the intensity of the furnace^ Ammal power, dir 
reisM^t^^C w^».tam|^r9^aAd jiealtl^ is difficult of contml, 
Humapit labour is most of all unmanageable ; and no aaar 
cJm» w0rk» so irregukurly a» one which is m a nipulat e A, 
In fMwae cases. the moving fovce is subject, by the very' 
condhibns of its fi^istence, to constant vaiiation, as in the - 
«E«n|>le erf a isQfoingt which gradually loses its energy 
atf-it^recQils; (9S5») In many utetancee the prime mover 
is liable to re^^ intermission^ and is actually amend- 
ed for certain intervals of time. 'Hiis is tibe case in the 
auigle acting steam*engine, where the pressure of the* 
steam urges the descent of thei piston^ but is susp^ided 
■doting its ascent. 

The lead or resistance to -which the machine is applied 
is not less fluctuating. In mills there are a multiplicity 
of parts which are severaUy liable to be occasionally 
disengaged, and to have their operatimi suspended. 
In luge Stories for spining, weaving, printing, &e. 
a gi!eat number o£ separate spimiing machines,' lotitths, 
presses^ or other engines, are usually worked by one 
common mover, such as a water-wheel or steam-engine;* 
In these cases the number of machines employed from . 
lame to time necessarily varies with the ftaetuatii^ 
demand f#r the articles produced^ and fh>m odiercanies: 
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pMt of Ae iA*chl»ery is rawed - witild* mffl» e^rtm^ 
{fooding oHtogeis, \mte91Ang iCs'MpM^iy with ev^iy aug- 
xflehtatiou of the mt/^ing poWer or difnimition of the 
resiirtance, or being retaiAed in' its speed by the cotHtnxf 
(AfCQnxstftnc e d* 

But even when the prime mtover and the reniiSfance' 
ORfboCii regtilar, or rendered so by proper contrivances, 
stOl it will ranely happen that the machine by whi«^ the 
€ffiergy' of the one is titinsmitted to the other conveys * 
tins' with unimpaired efi^t in all the phases of i^ opera^ 
ikiA, : To giVe a genefal notion of thlscaose of me- 
qinriitf to 'those who have a^t bs^n fSuniliar Willi ttw- 
chtoecy iviMdd not be easy, without havii^ recottS0»tft 
ajh^eadunple.' |F6r the present w^ shaH merisly stiile, 
that the.' several moving paorte of every nj^adane tagmsm 
in sneeessioil a vaiieQr of positions; that at re^gnkar pe*-' 
liods tiheyretom^toiheir first positio&^fllida^ala undetfftf 
liiesaxne^saocedilion' of I changes. :Iti tbe* ditiSsyentptei- 
tibns through Which they aiie carr^d is etrery [period c# 
motion, the efllcaby of \h<6 machine to t^fliistiiit tbe pbw^ 
erto the resistance is dxSbrent, and thus the effe<Mve 
^B^rgy of thef ihaehihe in acting opon ttie fesistsoic^ 
would be subject to continual fluctuation. This wiH be 
mom deaiiy Understood when we come to explain &e 
me'tiiOds of connteracttng the defect or equalkrrig the 
a£^n of the pdwer up6n the resistance: 

' Such are the chief caused of the ine^uiedities inddental 
l^ttie motion of machinery, and we now propose to de-- 
(Efciibe a, few of the many ingenious conti#ances which 
l^fikifl of engineers has produeied to remove the eoil- 
sequeot inconveniences. 

. (302-) Setting J aside, for the present, the last cibse 
efine^pMlity^ tod considering the machinery. Whatever 
it bcv to transmit, the. pbwer to. the resistance without 



^ntatee^ hMriAgf fer Its cAjda to r^nde^ the ieUtek^ tmi 
fotte, om -otiy riceete^slh lliii^ by eiuidSiigr tfcd t«tMtioiUi 
Itf* tbe |iow«r tod resiisCililcd to b^ t ^i ^j noH i oBOe te^fcoh 
dflier. TMa mi^ be done ditiber by itefMliag' or dimitM 
khifig &e power as the resistutce iiicreiiAeft or ^imiiiiihM 
6fl ; or by increteing or duninishhig the testetMio^ li the 
po^ret increases or diminishes ; BAd accotdiagf to llw 
ikefliCies or e<Hivenience presented by lite peotdiar oitv 
^ttHtetitiiees of the eaite, ei&er of these methods %i^ 
hdoptbid. 

Thei^ostrivttilees for efibctin^ thisi itfe oaJled rtguUt* 
Mrsi Most relators ttct npon tiiat i>a]% of the aaachiiM 
wlttch cormnhnds tiie sop^ of the po^er by Btftetiaaf 
levers, ot some other mischuiieal tJbntrivancOy s» m to 
check the quantity of the moving^ principle o^iiVtffed td 
^te nMuslnne w^en th^ yelocity iias a' teiidoiicy to in- 
ftrfreto; and,on theOt^er hand^to mereas^ thutfltt^p^ 
tejpbn any undue a,b«Ktemem of its spoed. In a w«t»r* 
teill tiiis is done by acting upon ti^e shuttlet iA ^ vind^ 
ttuH, by an fui^nstment of die s^l-olotk; end kk a 
eteem-engiiie, by opening or closings hi a greater or lew 
^^gree; the valve by which the cylinder is supplied with 
'steafn* 

(308.) Of ^ the contrivances for regulating macfame- 
ty, that wMch is^best known and most commolily used 19 
tte gotfemor. This regulator, which had been long in 
use in miB-'woik and other machmery, has of late yea» 
acttracted more general notice by its beautiliil adaptation 
in the steiih-eiigines of Watt It consists of heavy balls 
BB,^. 144., attached to the extremities of rods B P. 
These rods play upon a joint at E, passing thsrougli a 
mortise in th^ vertiteal stem D D'. At F they are iMfted 
hj joints t6,the short rods F H, which are agftSn cettne^ted 
%y jWrit* ^t M to a ring which slides uponth* VtWieii 
p2 



BliAftDIV. Fiom, tills desciiptapji. it wil( be ^ppuent 
that wliQii the balls B are dr^wn £roiii the axis, thek 
ttiq|>er aiins £F are caused to iiicrea«e their divergesQe 
in the^saiae maimer as the blades of, a sicissoxs aia 
opeaed-by separating, the handles. These, acting, ojpcm 
theriiigby meaxis of the 8h<»rt links FH, draw it down 
tiie vertical axis from D towards E. A contraiy effect 
is produced when the Iballs B are bi^ught closer to the 
axis, and the divergence of the rods B£ diminished. 
A horizoi^ wheel W is attached to the vertical axis 
D D', having a groove to receive a rope or strap upMi its 
lim. Thi^ str^ passes round the wheel or ^lis by 
which motion is transmitted to the machinery to Jie 
regulated, so that the spindle or shaft D D' will aktfmya 
be made to rev<dve with a speed proportionate to that of 
th^ madiiAery. 

As the shaft D D' ,revolves, the balls B ar^ caniedfowd 
it with a. circular motion, and conse^uisj^tly acquijpe-a 
centrifugal forpe, which causes them to. recede fixna the 
axle, and therefore to depress th^ ring H. On ths 
edge or rim of this ring is formed a groove, which is 
embraced by the prongs of a fork I, at the extremity of 
one arm of a lever whose fulcrum is at G. The ex- 
tremity K of the other arm is connected by some 
t06KbSk with the. part of the o^hine which supplies the 
fiofwer* In the present instance we shall suppose it a 
tfteamrongine, in which case the rod KI communicates 
with a- flat circular valve V, placed in the principal 
fiteain-pipe, and so arranged that, when K is elevated aa 
ihr as by their divergence the balls B have power over it, 
the passage of the pipe will be closed by the valve V, 
and the passage of steam entirely stopped ; and on tbe 
other hand, when the baUs subside to their lowest posi- 
tioB, the valve will be presented with jts edge m ihm 
4ips<ition/of the tubi?, so as to interc^ no part of thf 
steam. 



The property vMch teaders iMa i iM tr min Mit bo ad^ 
mirably adapted to the purpose to which it is applied h^ 
that when the dtrergence of the balls is not very oonsi- 
d^rafole, th«y most always revolve with the same veloci- 
ty^ whether they move at ft greateir or lesser distidice 
fitMn the vt^rtical axis. If any coccumstance indreases 
tMt velocity, live haBs imtantly recede ivom th^ axis, 
and closifig the valv^ V, check the supply of steam^ and 
thereby ditniniBinn^ the speed of die motioii, restore the 
mncfaine to its former tate. I^ oa the contrary^ tint 
ftrad veioeity be diminished^ Ike oenferifiigal larce being 
ne long efr snffiesttit to suppoat the bdis, tiny descend 
towto^ the axle, open the valve V, and increasiiig the ' 
st^^ly <€ steam, restore the proper velocity of the 

1I1SGB9D1&. 

When the governor is aipplicd to a w«ter-wfaeel, ilt hr 
ntMAe t» -izt upon the shuttie iSnroagh which the waiter 
flows, atd contn^ its qnatotiiy at efedtuaHy) sbhI upsn 
the none prihcii^, set has just been exp)adned ui Tefe«> 
r^ce 1x>the steabi^eligiiife. When applied to a wind*-' 
miU, it tfeguhters the saii*ciotii so as to diminish Umb eflU' 
caoy of liie po^wer npon the snnB as the toce of the 
wted increases, or vice vers^ 

III oases where the resistance admits of easy and cent- 
venient change. Hie goveinormay act so as toacieommo- 
date it to tiie varying energy of the power. This it 
often done in corn-mills, where it acts upon the shntde 
wbich netos out the corn to the millstones. When the 
porwer which drives the mill increases, a piepcrtionaUy 
increased feed of corn is given to the stones, so tfaftt the 
reaislaincB being varied in the ratio of the povmer, the 
same Telocity will be maintained^ 

(^Oft.) fin some cases the centid^gal force of the 
revolving balls is not sufficiently grtiat to bontitd the^ 
penrer or th^ leaidtanea, ausd i^uiaton of 4; ttflbntat- 
?3 
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Mud must be resorted to. The following t^ontrmnce is 
called the waier-regvlator : — 

A common pump is worked by the machine, whose 
motion is to he regulated, and water is thus raised and 
discharged into a cistern. It is allowed to flo^ from 
this cistern throu^ a pipe of a given magnitude. When 
the water is pumped up with the same velocity as it is 
discharged by this pipe, it is evident that the level of the 
water in the cistern will be stationary, since it receives 
from the pump the exact quantity whioh it dicharges 
irom the pq>e. But if the pump throw in more water 
in a given time than is discharged by the pipe, the cis- 
tern will begin to be iilleid, and the level of the water 
will rise. If, on the other hand, the supply from the 
pump be less than the discharge from the pipe, the level 
of the water in the cistern wiU subside. Since the rate 
at which water is suppHed. from the pump will always be 
proportional to - the "Velocity! of the machine, it follows 
that eveiy fluctuation in tbis velocity will be indicated 
by the rising or subsiding of the level of the water in 
the cistern, and that level never can remain^statioiiaiy, 
except at that exact velocity which supines the qu!|n-' 
tity of water discharged by the pipe. This pipe .may 
be constructed so as by an adjustment to discharge the 
water at any required rate ; and thus the cistern m&j 
1)e adapted to indicate a constant velocity of any pio*> 
posed amount 

If the cistern were constantly watched by an attend- 
ant, the velocity of the machine might be abated by 
regulating the power when the level of the water is de- 
served to rise, or increased when it falls ; but this is 
much more eflTectually and regularly performed by caus- 
ing the snr&ce of the water itself to perf(»rm the duty. 
A float or large hollow metal ball is placed upon the 
surface of the water in the cistern. This ball is coih 
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nected with a lever acting upon sopie part of the mar 
c^iineiy, which controls the power or regulates the 
amount of resistance, as already explained in the case 
of the governor. When the level of the water nses, 
the huoyancy of the ball causes it to rise also with a force 
equal to the difference between its own weight and the 
weight of as much water as it displaces. By enlarging 
the floating ball, a force may be obtained sufficiently 
great to move those parts of the machinery which act 
upon the power or resistance, and thus either to diminish 
the supply of the moving principle or to increase the 
amount of the resistance, and thereby retard the motion 
and reduce the velocity to its proper limit When the 
level of the water in the cistern falls, the floating ball, 
being no longer supported on the liquid surface, de- 
scends with the force of its own weight, and producing 
an effect upon the power or resistance contrary to the 
former, ^increases the effective energy of the one, or 
diminishes that of the other, until the velocity proper to 
the machine be restored. 

The sensibility of these regulators is increased by 
laaking the surface of water in the cistern as small as 
possible ; for then a small change in the rate at which 
the water is supplied by the pump will produce a con- 
siderable change in the level of the water in the cis- 
tern. 

Instead of using a float, the cistern itself may be sus- 
pended from the lever which controls the supply of the 
power, and in this case a sliding weight may be placed 
on the other arm, so that it will balance the cylinder 
when it contains that quantity of water which corre- 
sponds to the fixed level already explained. If the 
quantity of water in the cistern be increased by an un- 
due velocity of the machine, the weight of the cistern 
flrill preponderate, draw down the arm of the lever, and 



aGEI' THS SLEMBlTTfl or SSOHAHf CS. «HAV« XVU* 

cfasck die ejip^ of 4iie: ppw«r. If, on ths other Imd, 
the supply of water be too small, the cistern will no loor 
ger balance the counterpoise, the arm by which it is sos* 
pended will be raised, and the energy of the power wiH 
be increased. 

(805.) In the steam*engine the 8elf->regi]lating prin- 
ciple is carried to an astonishing pitch of perfection. The 
machine itself raises in a due quantity the cold wat« 
necessary to condense the steam. It pumps off the hot 
water produced by the steam, which has been cooled, 
and lodges it in a reservoir for the supply of the boDer. 
It carries from this reservoir exactly that quantity of 
water which is necessary to supply the wants of the 
boiler, and lodges it therein according as it is required. 
It breathes the boiler of redundant steam, and preserves 
that which remains iit, both in quantity and quality, for 
the use of the engine. It blows its own lire, maintain* 
ing its intensity, and increasing or diminishing it ac- 
cording tp the quantity of steam which it is necessary 
to raise ; so that when much work is expected from the 
engine, the fire is proportionally brisk and vivid. It 
breaks and prepares its own fuel, and scatters it upon 
the bars at proper "times and in due quantity. It opens 
and closes its several valves ^t the proper moments, 
works its own pumps, turns its own wheels, and is only 
not alive. Among so many beautiful examples of tho 
self-regulating principle^ it is difficult to select. We 
shall, however, mention one or two, and for others 
refer the reader to that part of the Cyclopsedia wfaicl) 
will contain a detailed description of the steam-engine 
itself. 

1 It is necessary in this machine that the water in the 
boiler be maintained constantly at the same level, aod^ 
therefore, that as much be supplied^ fh>m time to time, 
as is consumed by evapontioa. A pump ^Hii«h ii 
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^wrought by tha engine itself supplies a cistern €, fig, 
145., ^ith hot water. At the hottom of this cistern is a 
valve V opening into a tube which descends into the 
boDer. This valve is connected by a wire with the arm 
of a lever on the fulcrum D, the other arm K of which 
is also connected by a wire with a stone float F, which 
is partially immersed in the water of the boiler, and is 
balanced by a sliding weight A. The weight A only 
counterpoises the stone float F by the aid of its buoy- 
ance in the water; for if the water be removed, the 
stone F will preponderate, and raise the weight A» 
When the water in the boiler is at its proper level, the 
length of the wire connecting the valve V with the lev« 
er is so adjusted that this valve shall be closed, the wire- 
at the same time being fully extended. When, by 
evaporation, the water in the boiler begins to be dimin* 
iahed, the level falls, and the stone weight F, being no 
longer suppbrted, overcomes the counterpoise A, raisee 
the arm of .'the lever, and, pulling the wire, opens the.- 
valve V. The water in the cistern C then flows through 
the tube into the boiler, and continues to flow until the 
level be so raised that the stone weight F is again ele^ 
vated, the valve V closed, and the further supply of wa- 
ter from the cistern C suspended. 

In order to render the operation of this a^^Mratus 
easily intelligible, we have here supposed an imperfec- 
ticm which does not exist. According to what has just 
been stated, the level of the water in the boiler descends 
from its proper height, and subsequently returns to it« 
But, in fact, this does not happen. The float F and 
valve V adjust themselves, so that a constant supply of 
water passes through the valve, which proceeds exactly 
at the same rate as that at which the water in the bciler 
is consumed. 
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(S06«) In the same machine there occurs H singolarty 
happy example of self-adjttstraent, in the method by 
which the strength of the fire is regulated. Th6 gov- 
ernor regulates the supply of steam to the engine, and 
p!*oportions it to the work to he done. Wit3i this work, 
therefore, the demands upon the bc4ler increase or di- 
minish, and with these demands the production of dteam 
in the boiler ought to vary. In fkct, the rate at which 
steam is generated in the boiler Ought to be equal to 
that at which it is consumed in the engine, btherWiM 
orfe of two eflbfcts mnat ensue : either the boiler will ftil 
to Supply the engine with steam, or steam will acctimu*' 
late in t^e boiler, being produced^in undue qua[ntity, and, 
eicaping at the safety valve, will thus be wasted. It is, 
thifttefee, hecessary to control the agent which gene- 
rates the steam, namely, tlie %te, and to vary its intensi- 
ty from time to time, proportioning it to the demands of 
ti»& engine. To accomplish this, the following contrf*- 
vaiice Yt6M been adopted : — Let T, ^. l46w, be a txibtt 
inserted in the top of* the^ boiler, and deecendihg nearly 
to the bottom. The pressure of the steam confined k * 
the boiler, acting upon the sutfaceof the water, forces 
it to a certain height in the tube T. A weight F, half 
immersed in the water • In the tube, is suspended by a 
chain, whkh (passes over the wheels PP', and is bal- 
anced by a metal plate D, in the same manner a^ the 
stbsie float, Jlg^ 145., is balanced by the weight A» 
The plate D passes through the mouth of the flue B as 
it fesues finally fit)m the boiler ; so that when the plate 
D falls, it stops the flue, suspending thereby the draught 
of ah* through the fiirnaoe, mitigating the intensity of 
the fire, and checking the production of steam. If^ on 
the contrary, the plate D be draw« up, the draught is 
increased, the fire is rendered more active, and the pn>- 
duciion of steam in the boiler is stimulated. Now, sup- 
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IKfie that tike Mler producee stefam iavier tktiillie «n: 
giiHB coMiunea it» either because the load cm the ennfine 
haa beendimiiushfld, and, therefore, its coosumptioii of 
atQaiB reduced, or because the fire has become too in^ 
tense ; the consequence is, that the steam, beginning te 
accHimuk^ in the boiler, will j^ss upon the surface <^ 
the water with increased force, and the water will be 
raised in the tube T. The weight F will, therefore, be 
JiAed, and the {date D will descend, diminish, or stc^ 
tkfi drau^t, mitigate the fire, and retard the production 
«f steamt and will continue to do so until the rate at 
wt4ch steam is produced shall be commensurate to the 
wants of the engine. 

li^ on the other hand, the production of steam be in- 
adefuate to the exsgeney of the machine, either be- 
cause of au iniireased load, or of the insufficient force 
of the fire,, the steam in the boiler will lose its elasticity, 
§ild the smrface of the water not sustaining its wonted 
pressure, the water in ike tube T will fall; conse^uehtly 
the weight F will descend, and the pkte D will be 
mised. The fiue being thus opened, the dran^ will 
be iniHfeaj9ed, and > the fire rendered more intense. 
Thqs the production of steam becomes more rapid, and 
is lendefBd sufficiently abundant fi^r the purposes of 
the eng^ke* This ai^Htratus is called the mtf^uHn^ 
damper* 

(307*) When a perfectly uniform rate of motion has 
not been attnined, it is often necessary to indicate small 
TanattoQs of velocity. ' The followmg contrivane^, 
jcaUed a iai^Jiuitfr,* has been invented to accomplish 
-ihis.. A'^nj^Jig. 147:., is filled to the level CD with 
/quidKpijiver, and . is attached to a spindle, wlneh is 
whirled by the msdhine in the same manner as the 

* From the Greek wordi taeko»t qpeed, vid ft < |f »l» SMunit,. 
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4Sfiiitri|uglJ 6xte produced by this #ki|UDg^ tttotk^ W^. 
^9L\^:tb».0in&aivatj to recede fbom the bentre-iiaitf iiM» 
UfjipA thc^^ideif of .the cup^so that its surface will' iutoddM 
jt^e 60A<?&ve aj^pearance represeoited it| Jig. 148^ Ik i^ 
pase th(9 centre of the surfkce will obviously h^srs ^3AeA 
beloiiV its^ original level, \fig, 147:., and lihe edges wfll 
h4,ve rises ab<>ve that level. As this e^ect is prodoGel 
]^y the velocity, of the mibchine, ^o it is.p)t>|>ortidnate te 
th(it velocity, and subject td co^espo^dg variAliiMis. 
Anj n^thod of renderilig vi^i^ smaQ chABgfee in 
•the central level of • the surface of ^e qmeksilvilt ' 
will indicate minute variations in the vekMlty of the 

. ,Aj[lii$4tHbe A»<opfin. at footii en^s, and expioldHig ttt 
one ei^^^iinty 4nto a bell B, is ihimevsed iritb its ^iniet 
^^ in the tnejrcuiiy^ the sorface^of which will «tBfidtt 
itl^rsan^e. 1«^<1 In the bell B, «nd. in the^^up CIX 7M 
tube is SQ suspended ai^.to be imcbnneeted with theeupw 
^his tnbe is then filled to a certain height A, w^ ajwito 
tinged with some colouring matter, -to render it e«aiy 
i^beervable. . iWhen the cup is whirled by the tiMbbhiiie 
tp which it is attached, the level of the qtflekflSver 
^ip the bell &lis^ leaving more space -^ the ephitii, 
wb^chf therefore^ deseeds .in the. tube. - As the modon 
is continued, every change of velocity causes e ebrfe^ 
i^ndii^ change in the level of themtfrcury, ttnd, there* 
fore^ also ii% the level A of the spirits. It will be ob- 
.i^erve^ that, in c<NisequeBce of the capibcity ef the beB 
B. being much gveater than that of the tube A, a very 
.eqaallK^hange in the level of the quickmlver hi the bell 
will paooduce a ie<?fisidefable change in the height of thd 
4i^rits in the tid>e. Thus this ii^exdods instHlment 
becomes a y^ry delicate indicator of variatiohs in the 
motiott of maeitiiieiy. 



^a06^) Tb& 9«veni<>rf and: 4itfber meOiAds 4f irtsgidiC^^ 
tng tbemolion^of mnohiiieiT' w^toll tore liieiMB jitot de^ 
scribed^ are: adttptecl fU'ln^iiwlly to Guides' » which thcf 
pvoportioii of the resistioice to the load ie «ah|ect< tor' 
certain fluctuatioits or grad^iai ehan^as, or atleaaltiff/ 
caeeeia whicb the reeistaasoe^ ia not at aolf' ttme entirely 
-withdrawn, Bor the energy of the power acfoally ftbi^ 
peoded. . CircainatafiedS) however, firequeatly oticvtr 'la 
Yfkkkf while the powe^ ytetetss m fuil activity^ tibe' 
resistflnce i£i iatrinte^ltle suddenly removed and ae sud<> 
4exily a^ittin retintos* Oft the 6ther badd, eases ali^a' 
preaent 4heiyiaelved/in ^hieh^ while the' resiataiice is coAi* 
til^ued^ the iftqpeUilBg! .powier id auhjeot to idMrmisitibn at' 
regular periods. In the fofsoeij case^ the iOMMMt: 
would he driven, wfith a rumcm^ rapidity dufiti^ ibose 
peri^^^t ^hiqh it i»< relieved iW>m ii» lofcft and on the- 
retuxB of the load. ^ery:.p«ri wofiild mxSsr a vielenf 
strain, from i^ eade^vour to relatn the: velodAy Which H: 
had iacijuired, aa4 Ihe speedy deathietioni of Ihe en-^' 
gine could not f^^U> ensue. In the lattes case^ ther 
nmtion wouild be g^reatfy retarded or entirely suspend^ 
dimqg these peA^teda, at whieh the moving ^dti^er ie? 
dcrpmed <^ its aol>ivity; ai«d^ eenae^uently^ the motion^ 
wlu.6h|it wovtld-.^oBMiMMiicafee would be so irregular to to 
b« qadeser &>rtbe.purpode9<xf tnanKfaetures.' 

It is also frequently desifable,w.by means of a weak' 
b^t continued power^ to . produee a severe but iilistatita^L 
noous eflfect. TJjus a h\o^ may be required to b» ^ivtin. 
by the n»u)cnlar action <>f a tdan's arm: Ivitha. force itat 
wbiclk^ unaided by meohonkal contrivane^^ its stleng^ 
woidd be einltirely inadequaA^e* ' . ' > 

In all these cases, it is evident that the object to be . 
attfMped ia^ an eSectual meth9d of aocusi»uiatiag ib^ 
energy of ,th^ pow^r se. aa-to Ddalce. il avf^aUe nJ^^t 
the actios by whiob it>haB baeft prOfboed hm otisedi; 
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Tiitis, in tike CMe in ivllicb tho iMid i* atpexiodksl 
intervals witk'dtawii horn the machkM, if ^ force of 
the power could he iinparte4to aometbin^ hy wMeb it 
would be preserved, so as to be brought against the load 
when it again retun^, the inconvenience wonld be 
removed. In liJte manner, in the case where the power 
itself is subject to intermission, if a part of the force 
which it everts in its intervals of action could be acco- 
midated and preserved, it might be brought to bear tipen 
the machine durmg its periods of snspension. Bjr the 
«ame means of accnmulatkig ferce^ the strength of an 
infimt^ by repeated efforts, might produce effects which 
would be vainly attempted by theaingie and momenluy 
action of the strongest man. 

(909.) The prqmty of inertia, explained and iUnstm* 
ted in the third and fourth chapters of this volmBoe^ 
fbmiflhes an easy and effeot«al method of aeeoo^liflhing 
this* A miu9s of matter retains, l^ virtiie of itsi ineitia, 
the whole of any f<»oe which may have b^n given 
to it, except that part of which friction and the utoio* 
Bj^etic resistance deprives it By contrivances which 
are well known and present no difficulty, the part of the 
moving Ibrce thus lost may be rendered comparatively 
small, and the moving mass may be regarded as retain- 
ing nearly the whole of the force impressed upon it. 
To render this method of accumulating force ^Ily 
intelligible, let us first imagine, a polished level plane on 
which a heavy globe of metal, also polished, is placed. 
It is evident that the globe will remain at rest on any 
part of the plane without a tendency to move in any 
direction. As the friction is nearly removed by the pol- 
M of the surfaces, the globe will be easily moved by 
the least f<»rce applied to it. Suppose a flight impulse 
given to it, which will cause it to move at the rate of 
one Ibtft in a iiecond. Settmg aside the effecta of fric- 



tioB^it w31 eontikitie to! mover at this niter for uy kngth 
of thne. ^nie same iinimlse repeated will increase its 
speed to two feet per second. A third impcdse to three 
.feet, and so on. • TlMifl 10,000 repititions of tiie impidse 
trill: oause it to move at the rate of 10,000 feet per sec- 
ond. If the hodyto wHich these hnpnlses were com- 
municated were a earnion ball,' it- mig^t, by a constant 
repetition of the imp«]lift^ force, be at length made to 
jDove with as miich force as' if it were projected from 
the moist powerfiil piece of ordnance. The force wiA 
wiiich the bafi in such a case would strike a bnilding 
ttfglit be sufficient to reduce it to rains, and yet such 
ferce would be nothing more tiMui the accumulation of a 
number of weak efforts not beyond th^ power of m, 
cinid to exert, which are stored up, and preserved, as it 
were^'by the moving mass, and thereby brought to bear, 
all the same moment, upon the point to which the force 
is ^directed. It Is the sum of a number of actions 
exerted successively, and, during a long interval, 
brougiit into operation at one and the same moment. 

Bat the case which is here supposed cannot actually 
occur; because we have not usually any practical 
means of moving abody'fbr any considerable time in 
tiie same direction without much friction, and without 
encountering numerous obstacles which would impede 
its progress. It is not, however, essential to the effect 
which is to be produced, that the motion should be in a 
straight line. If a leaden weight be attached to the 
end of a light rod or cord, and be whirled by the force 
of the arm in a circle, it wfll gradually acquire in- 
creased speed and force, and dit ' length may receive 
an impetos which wotdd cause it to penetrate a piecie 
of board as effectually as if it were discbirged from' ^ 
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^ vreigfai, Ml>iit 'oaiclr )mi<iie r-on- the. pruu^le. jiur^ex- 
-fMtted. Were -it' ilUilwed' .merely to iUl ±j the force of 
its weight upon the head of ft aaii/or upon » l)aruf 
heated iren \«A]iich ds to be flattened^ an mconsideiuUe 
efiect would be produced. Bbt when it ie wiaided by 
^e- arm of a man, it reodves at every mom^it of ite 
motion' increased force, which is finally expended- k 
aaingle ihatant on th6 head of the nail, cor on theinr 
tof iron. 

The effedta of flails in threshing, of dubs, witipft 
1 canes, and instramenfe for ati^ug, axes, iiatcheti, 
iideaT^^DS/ and all inatrotaente which cut' by- a ^blow, 
actepeod .on lh& tome priuoiple, and are similarly ex- 
plained, • , . . . 

The bQW-stidng' which impale the arro^ ddee not 
produce its effect ^at once. It conthraes -to net .upon 
the shaft until it resumes ks stniight position, and'then 
the sjtow takes flight with the force accumulated. dur- 
ing the continuance of the action of the string, froih 
the .moment it was disengaged from the fing^t^the 
b<kw*m(^i. . . ' . 

. Ilire-anns themselves act updn a similar '^iocipte, 
tAS lalsp the air-gun and ^team-gun. In these instni- 
jtuente the boll i& placed iaa Cube*, and suddeidy exposed 
;to the pressure of a- highly' elastic fluid, eitijer pro- 
•duced by- e^splpsion as in.fire-annb, by previoiis con- 
>denaation as in the air-gun, or fty the ayapDrafioB ef 
>b^hly heated liquids ss in the steam-gun. But>in esrezy 
-fliuse lihis .pridssure continues .to act upon it until it 
leaves the .mouth of the tube, and then it departs with 
c^e. whole fbrce.comtiiujucated lio it during ils > 
;ialQDg:tbetiJbi^. :• y :. 

(310.) From all these considerations it will 
perceived that a mass of inert matter may be regarded 



mM a magttzbe in which f<Ht;e may be deposited and ac« 
cumulated, to be uaed in any way which may be nece^' 
aary. For ma&y reasona, which will be sufficiently 
obvious, the form commonly given to the toasa of matter 
ased for this purpose in machinery is Uiat of a wheel, in 
the rim [of which it is principally collected. Conceive 
a massive ring of metal, Jig. 149., connected with a 
central box or nave by light spokes, and turning on an 
axis with little friction. Such an 'af^Muratua is called a 
fly-wheel. If any force be applied to it, with that 
£>rce (making some slight deduction for friction) it will 
move, and will continue to move until some obstacle 
be opposed to its motion, which will receive from it a 
part of the f(»ce it has acquired. ' The uses of thia 
apparatus will be easily understood by examplea of its 
application. 

Suppose that a heavy stamper or hammer is to be 

xaised to a certain hei^t, and thence to be allowed to 

ftll, and that the power used for this purpose is a watei>« 

wheel While the stamper ascends, the power of the 

wheel is nearly balanced by its weight, and the motion 

of the machine is slow. But the moment the stamper is 

disengaged and allowed to fall, the power of the wheel, 

having no resistance, nor any object on which to expend 

itself, suddenly accelerates the machine, which moves 

with a speed proportioned to the amount of the power, 

until it again engages the stamper, when its velocily is as 

suddenly checked. J^veiy part suffers a strain, and the 

machine moves again slowly until it discharges its^ 

load, when it is again accelerated, and so on. In this 

case, besides the certainty of injury and wear, and the 

IMTobability of fracture from the sudden and frequent 

changes of velocity, nearly the whole force exerted by 

the power in the intervals between the cwnmencement 

of each descent of the stamper and the next ascent is 

9 



i\ 
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lost These defeota are removed by a %*wheel. Wbea 
the 8taii]$>er is discharged, the energy of the power is 
expended in moving the wheel, which, by reason of its 
great mass, will not receive an undue velocity. In the 
interval between the descent and ascent of the stamper, 
-the force of the power is lodged in the heavy rim of the 
fly-wheel. When the stamper is again taken up by the 
machine) this force is brought to bear upon it, combined 
with the immediate power of the water-wheel, and the 
stamper is elevated with nearly the same velocity as that 
with which the machine moved in the interval of its 
descent* 

(311.) In many case% when the moving power i» not 
subject to variation, the efficacy of the machine to traas^ 
mit it to the working point is subject to continual change. 
The several parts of every machine have certain periods 
of moti<^n, in which tliey pass through a variety of po- 
sitions, to which they continually return after stated 
intervals. In these different positions the ejQTect of the 
power transmitted to the working point is different ; and 
cases even occur in which this effect is altogether anni- 
hilated, and the machine is brought into a predicament 
in which the power loses all influence over the weight. 
In such cases tlie aid of a fly-wheel is effectual and 
indispensable. , In those phases of the machine, which 
are most favorable to the transmission of force, the fly- 
wheel shares the effect of the power with the load, and 
retaining the force thus received directs it upon the load 
at the moments when the transmission of power by the 
machine is either feeble or altogether suspended. 
These general observations will, perhaps, be mere clearly 
apprehended by an example of an application of the 
fly-wheel, in a case such as those now alluded to. 

Let ABCDEF, ^. 150., be a crank, which is a 
Rouble winch ( (262,) and ^. 89.), by which an axle, 
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A BE P, is to be tamed. Attached to the Iniddle of 
C I> by a joint is a rod, which is connected with a beam, 
mrorked with an alternate motion on a centre, like the 
brake of a pump, and driven by any constant power, 
such as a steam-engine. The bar C D is to be carried 
with a circular motion round the axis AE. Let the 
machine, viewed in the direction A BEE of the axis, 
be conceived to be represented in fig, 151., where A 
represents the centre round which the motion is to be 
produced, and G the point where the connecting' rod 
G H is attached to the arm of the crank. The circle 
through which G is to be urged by the rod is reptesented 
by the dotted line. In the position represented in fig. 
151., the rod acting in the direction H G has its full pow- 
er to turn the crank G A round tiie centre A. As the 
crank comes into the position represented in fig, 152., 
this power is diminished, and when the point G comes 
immediately below A, as in fig. 153., the force in the 
direction H G "has no effect in turning the crank round 
A, but, on the contrary, is entirely expended in pulling 
the crank in the direction A G, and, therefore, only acts 
npon the pivots or gudgeons which support the axle. 
At this crisis of the motion, therefore, the whole effec- 
tive energy of the power is annihilated. 

After the crank has passed to the position represent- 
ed in fig. 154., the dh-ection of the force which acta 
tipon the connecting rod is changed, and now the crank 
is drawn upward in the direction G H. In this position 
the moving force has some efficacy to produce rotation 
round A, which efficacy continually increases until the 
crank attains the position shown in fig. 155., when its 
power is greatest Passing from this position its efficacy 
is continually diminished, until the point G comes imme- 
diatdy above the axis A, fig 156. Here again the 
power loses aH its efficacy to turn the axle. Thd forco 
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In the direction 6H or HG tnn obviously produce no 
other effect than a strain upon the pivots or gudgfeons. 

In the critical situations represented in^. 153^ and 
Jig. 156^ the machine would be incapable of moving^, 
were the inunediate force of the power the only impel- 
ling principle. But having been previously in motion by 
virtue of the inertia of its various parts, it has a tenden- 
cy to continue in motion ; and if the resistance of the 
load and the effects of friction be not too great, this dis- 
position to presenre its state of motion will extricate the 
machine Ifrom the dilenma in which it is involved in the 
cases just mentioned, by the peculiar arrangement of 
its parts. In many cases, however, the force thus ac« 
quired during the phases of the machine, in which 
the power is active, is insufficient to carry it through 
the dead points {/g. 153. and Jig, 156.) ; and in all 
cases the motion would be very unequal, being con- 
tinually retarded as it approached these points, and 
continually accelerated after it passed them. A fly- 
wheel attached to the axis A, or to some other part of 
the machinery, will effectually remove this defect. 
When the crank assumes the positions in Jig» 151. and 
Jig. 155., the power is in fiill play upcm it, and a share of 
the effect is imparted to the massive rim of the fly-wheel. 
When the crank gets into the predicament exhibited in 
^. 153. and Jig. 156., the momentum, which the fly-< 
wheel received when the crank acted with most advaii-> 
tage, immediately extricates the machine, and, carrying 
the crank beyond the dead point, brings the power again 
to bear upon it 

The astonishing effects of a fly-wheel, as an accumu* 
ktor of force, have led some into ti)e error of supposing 
that such an apparatus increases the actual power of a 
machine. It is hoped, however, that afier what has been 
em^lained reinfecting the inertia of matter and the true 
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effects of machines) the reader will not be liable to a 
similar mistake. On the contrary, as a fly cannot act 
i^thout friction, and as the amount of the friction, like 
that of inertia, is in proportion to the weight, a portion 
of the actual moving force mfJst unavoidably be lost by 
the use of a fly. In cases, however, where a fly is prop- 
erly applied, this loss of power is inconsiderable, com- 
pared with the advantageous distribution of what re- 
mains. 

As an accumulator of force, a fly can never have 
more force than has been applied to put it in motion. In 
this respect it is analogous to an elastic spring, or the 
force of condensed air, or any other power which de- 
rives its existence from causes purely mechanicaL In 
bending a spring, a gradual expenditure of power is nec- 
essary. On the recoil, this power is exerted in a much 
shorter time than that consumed in its productiou, but its 
total amount is not altered. Air is condensed by a suc- 
cession of manual efforts, one of which alone would be in- 
capable of projecting a leaden ball with any considerable 
force, and all of which could not be immediately applied 
to the ball at the same instant. But the reservoir of con- 
densed air is a magazine in which a great number of 
such efforts are stored up, so as to be brought at once 
into action. If a ball be exposed to their effect, it may 
be projected with a destructive force. 

In mills for rolling metal the fly-wheel is used in this 
way. The water-wheel or other moving] power is aU 
lowed for some time to act upon the fly-wheel alone, no 
load beLug placed upon the machine. A force is thus 
gained which is sufficient to roll a large i^ece of metal, 
to which without such means the mill would be quite 
.inadequate. In the same manner a force may be gained 
by the arm of a man acting on a fly for a few Be9()9da9 
/sufficient to impress an image on a piece of metal by ao 
32 ' 
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inatantaiieous stroke. The fly k, therefore, the principal 
agent in coining presses. 

(312.) The power of a fly is often transmitted to the 
working point by means of a screw. At the extremities 
of the cross arm A B, Jig. 157., which works the screw, 
two heavy balls of metal are placed. When the arm A B 
is whirled round, those masses of metal acquire a mo- 
mentum, by which the screw, being driven downward, 
urges the die with an immense force against the sub- 
stance destined to receive the impression. 

Some engines used in coining have flies with arms 
four feet long, bearing one hundred weight at each of 
their extremities. By turning such an arm at the rate 
of one entire circumference in a second, the die will be 
driven against the metal with the same force as that with 
which 7500 pounds weight would fall from the height of 
16 feet ; an enormous power, if ihe simplicity and com- 
pactness of the machine be considered. 

The place to be assigned to a fly-wheel relatively to 
the other parts of the machinery is determined by the 
purpose for which it is used. If it be intended to equal- 
ize the action, it shoulct^ be near the working point 
Thus, in a steam engine, it is placed on the crank which 
tarns the axle by which the power of tiie engine is 
transmitted to the object it is finally designed to efi^ct 
On the contrary, in handmills^ such as those comnibnly 
used for grinding cofiee, ^c, it is placed upon the axis 
of the winch by which the machine is worked* 

The open work of fenders, flre-grates, and similar 
ornamental articles constructed in metal, is produced by 
the action of a fly, in the manner already described. 
The cutting tool, shaped according ^to the pattern to be 
exeet^ed, is attached to the end of the screw ; and the 
metal being held in a proper position beneath it, the fly 
m nuide to urge the tool downwards with such fiwce as 
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to Btam^ out pieces of the required figure. When the 
pettem is complicated, and it is necessary to preserve 
with exactness the relative situation of its difierent parts, 
a number of punches are impelled togedier, so as to 
strike the entire piece of metal at the same instant, and 
in this manner the most elaborate open work is executed 
by a single stroke of the hand. 



CHAPTER XVm. 

UlECHAlVICAXi COmrRITAirCES FOR MOOIFTIirG HOTIOm 

(313.) The classes of simple machines denominated 
nechaniG powers, have relation chiefly to the peculiar 
{ninciple which determines the action of the power on 
the weight or resistance. In ez]daining this arrange- 
ment, various other reflections have been incidentally 
mixed up with our investigations; yet stin much re- 
mains to be unfblded before the student can form a 
just notion of those means, by which the complex ma- 
chinery used in the arts and manufactures so eiTectually 
attains the ends, to the accompUshment of which it is di- 
rected. 

By a power of a given energy to oppose a resistance 
of a different energy, or by a moving principle having a 
given velocity to generate another velocity of a diflTerent 
amount, is oidy one of tiie many objects to be efK^cted 
by a machine. In tiie arts and manufactures the kind 
of motion produced is generally of greater importance 
than its rait. The latter may effect the quantity of 
work done in a given time, but the former is essential to 
theperfi»maaceof the woik in any quantity whalever 



1178 THX ELBMCHT» OF MSCH4NICS. . CHAP. XTUI. 

' In the practical application of machines, the obiect to be 
attained is generally to connnimicate to the workuig' 
|)oint some peculiar sort of motion suitable to the uses 
for which the machine is intended ; but it rarely happens 
that the moving power has this sort of motion. Hence, 
ihe machine must be so contrived that, while that part on 
which this power acts is capable of moving m obedience 
to it, its connection with the other parts shall be such 

^ that the working point may receive that motion which 
is necessary for the purposes to which the machine is 
■applied. 

To give a perfect solution of this problem, it would be 
necessary to explain, first, all the varieties of moving 
powers which are at our disposal ; secondly, all the varie- 
ty of motions which it may be necessary to produce ; 
imd, thirdly, to show all the methods by which each vari- 
ety o£ prime mover may be made to produ(^ the several 
species of motion in the working point. It is obvious 
that such an enumeration would be impracticable, and 
even an approximation to it would be unsuitable to the 
present treatise. Nevertheless, so much ingenuity has 
been displayed in many of the contrivances for modifying 
motion, and an acquaintance with some of them is so 
essential to a clear comprehension of the nature and 
operation of complex machines, that it would be imprc^ 
er to omit some account of those at least which most 
frequently occur in machinery, or which are most con- 
,BjMC«ous for elegance and simplicity. 

The varieties of motion which most commonly pre- 
-sent themselves in the practical application of mechan- 
ics may be devided into rectilinear and rotatory* In 
rectilinear motion the several parts of the moving body 
proceed in parallel straight lines with the same speed. 
In rotatory motion the several points revolve round an 
taxis, each porfonnlng a complete circle, dr similar palter 
cf & circle, in the same time« 
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Each of these may again be resolved into eonlinaed 
and reciprocating. In a continued motion, whether rec- 
tilinear or rotatory, the parts move constantly in the same 
direction, whether that be in parallel straight lines, or in 
irotation on an axis. In reciprocating motion the several 
parts move alternately in opposite directions, tracing the 
same spaces from end to end continually. Thus, there 
are four principal species of motion which more fre- 
quently than any others act upon, or are requured to be 
transmitted by, machines : — 

1. ConUnutd rtcHlinear motion, 

2. RteiprocaUng TtdUinear motioru 

3. <^onUnued cwcvlcar moitwiu 

4. Reciprocating circular nuftion. 

These will be more clearly understood by examples of 
each kind. 

Continued rectilinear motion is observed in the flow- 
ing of a river, in a fall of water, in the blowing of the 
wind, in the motion of an animal upon a straight road, 
in the perpendicular fall of a heavy body, in the motion 
of a body down an inclined plane. 

Beciprocating rectilinear motion is seen in the piston 
of a common syringe, in the rod of a common pump, in 
the hammer of a pavier, the piston of a steam-engine, 
the stampers of a fulling-mill. 

Continued circular motion is exhibited in all kinds of 
wheel- work, and is so common, that to particulari2e it 
is needless. 

Reciprocating circular motion is seen in the pendulum 
of a dock, and in the balance-wheel of a watch. 

We shall now explain some of the contrivances by 
which a power having one of these motions may be made 
to communicate either the same species of motion 
changed in its velocity or direction, or any of the other 
three kinds of motion, 

q4 
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(314.) By A eontiiiued rectilinear motion another con- 
tinued rectilinear motion in a different direction may be 
{NToduced, by one or mcure fixed pulleys. A cord passed 
over these, one end of it beingf moved by the power, will 
transmit the same motion unchanged to the other end. 
If the directions of the two motions cross each other, one 
fixed pulley will be sufficient ; see fig, 113., where the 
hand takes the direction of the one motion, and the 
weight that of the other. In this case the pulley must 
be placed in the angle at which the directions of the two 
motions cross each other. If this angle be distant from 
the places at which the objects in motion are situate, an 
inconvenient length of rope may be necessary. In this 
case the same may be efieeted by the use of two pulleys, 
as in ^,.158. 

If the directions of the two motions be parallel, two 
pulleys must be used, as in^. 158., where P' A' is one 
motion, and B W the other. In these cases the axles of 
the two wheels are parallel. 

It may so happen that the directions of the two mo- 
tions neither cross each other nor are parallel. This 
would happen, for example, if the direction of one were 
upon the paper in the line P A, while the other were 
perpendicular to the paper from the point O. In this 
case two pulleys should be used, the axle of one Qf being; 
perpendicular to the paper, while the axle of the other O 
should be on the paper;. This will be evident by a little 
reflectioii. 

In general, the axle of each pulley must be perpen* 
dicular to the two directions in which the rope passes 
from its groove ; and by due attention to this condition 
it will be perceived, that a continued rectUinear motton 
may be transferred from any one direction to any other 
direction, by means of a oord and two pulleys, without 
c h an ging its velocity. 
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If it be necessary to change the velocity, any of the 
systems of pulleys described in chap. xv. m&y be used in 
addition to the fixed pulleys. 

By the wheel and axle any one continued rectilinear 
motion may be made to produce another in any other 
direction, and with any other velocity. It has been 
already explained (250.) that the proportion of the ve- 
locity of the power to that of the weight is as the diame- 
ter of the wheel to the diameter of the axle. The thick- 
ness of the axle being therefore regulated in relation to 
the size of the wheel, so that their diameters shall have 
that proportion which subsists between the proposed ve* 
locities, one condition of the problem will be fulfilled. 
. The rope coiled upon the axle may be carried, by meaas 
of one or more fixed pulleys, into the direction of one of ^ 
the proposed motions, while that which surrounds the 
. wheel is carried into the direction of the other by similar x . 
means. f\^ 

(315.) By the wheel and axle a continued rectilinear 
motion may be made to produce a continued rotatory 
motion, or vice versd,' If the power be applied by a rope 
coiled upon the wheel, the continued motion of the power 
in a straight line will cause the machine to have a rota- 
tory motion. Again, if the weight be applied by a rope 
coiled upon the axle, a power having a rotatory motion 
applied to the wheel will cause the continued ascent of 
the weight in a straight line. 

Continued rectilinear and rotatory motions may be 
made to produce each other, by causing a toothed wheel 
to work in a straight bar, called a rack, carrying teeth 
upon its edge. Such an apparatus is represented in 
fg. 159. 

In some cases the teeth of tbe wheel work in the 
links of a chain. The Wheel is then called a rag-^iohi^ 
ig.160. 
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Straps, bands, or ropes, may commimicate rotation to 
a wheel, by their friction in a groove upon its edge. 

A continued rectilinear motion is produced by a con- 
tinued circular motion in the case of a screw. The 
lever which turns the screw has a continued circular 
motion,' while the screw itself advances with a continued 
rectilinear motion. 

The continued rectilinear motion of a stream of water 
acting upon a wheel produces continued circular motion 
ih the wheel, Jig. 93, 94, 95. In like manner the con- 
tinued rectilinear motion of the wind produces a e<m- 
tinned circular motion in the arms of a windmill. 

Cranes for raising and lowering heavy weights convert 
41 circular motion of the power into a continued recti- 
linear motion of the weight 

(316.) Continued circular motion may produce recip- 
rocating rectilinear motion, by a great variety of ingen- 
ious contrivances. 

Reciprocating rectilinear motion is used when heavy 
stampers are to be raised to a certain height, and aDowed 
to fall upon some object placed beneath them. This 
may be accomplished by a wheel bearing on its edge 
curved teeth, called mpers. The stamper is furnished 
with a projecting arm or peg, beneath which the wipers 
are successively brought by the revolution of the wheel 
As l^e wheel revolves, the wiper raises the stamper, 
until its extremity passes the extremity of the projecting 
arm of the stamper, when the latter immediately falls by 
tts own weight It is then taken up by the next wiper, 
and so the process is continued. 

A similar effect is produced if the wheel be partially 
furnished with teeth, and the stamper carry a rack in 
which these teeth work. Such an apparatus Js repre- 
sented ia/g. 16h 



CHAP. xvTii. MOinricATioH OF vonoK. 388 

It is somethnes necesMuy that the reciproeatiiig recti- 
linear motion shall be performed at a certain varying 
rate in both directions. This may be accomplished by 
the machine represented in^. 162. A wheel upon the 
axle C turns uniformly in the direction A B D E. 
A rod mn moves in gfuides, which only peimit it to as- 
oend and descend perpendicularly. Its extremity m 
rests upon a path or groove raised from the face of the 
wheel, and shaped into such a curve that as the wheel 
revolves, the rod m n shall be moved alternately in op- 
posite directions through the guides, with the require^ 
velocity. The manner in which the velocity varief 
will depend on the form given to the groove or channel 
raised upon the face of the wheel, and this may be 
sdiaped so as to give any variation to the motion of the 
rod mn which may be required for the purpose to which 
it is to be applied. 

The rowt-engine in the turning lathe is constructed on 
this principle. It is also used in spinning machinery. 

It is often necessary that the rod, to which recipro- 
cating moti<m is communicated, shall be urged by the 
fiame force in both directions. A wheel partially fur- 
nished with teeth, acting on two racks placed on differ- 
ent sides of it, and both connected with the bar or rod to 
which the reciprocating motion is to be co mmunic ated, 
will accomj^h this. Such an apparatus is represented 
in^. 163., and needs no ftulher explanation. 

Another contrivance for the same purpose is shown in 
Jig. 164., where A is a wheel turned by a winch H, and 
connected with a rod or beam moving in guides by the, 
j<Hnta&. Asttie wheel A is turned by the wincbH,thc 
beam is moved between the guides alternately in opposite 
directions, liie extent of its range being governed by 
tte length of the diameter of the wfaeeL Such an ap- 
paxatus is naiad lor gnndiag aad poiislHBg plane surfaces. 
and also occurs in silk machinery. 
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An apparatus applied by M. Zureda in a machine 
for pricking holes in leather is represented in Jig. 165. 
The wheel A B has its circumference formed into teeth, 
the shape of which may be varied according to the cir- 
cumstances under which it is to be applied. One extrem- 
ity of the rod ah rests upon the teeth of the wheel upon 
which it is pressed by a spring at the other extremity. 
When the wheel revolves, it communicates to this rod a 
reciprocating rectilinear motion. 

Leupold has applied this mechanism to move the pis- 
tons of pumps.* Upon the vertical axis of a horizontal 
hydraulic wheel is fixed another horizontal wheel, which 
is furnished with seven teeth in the manner of a crown- 
wheel. (263.) These teeth are shaped like uiclined 
planes, the intervals between them being equal to the 
Jength of the planes, Projecting arms attached to the 
piston rods rest upon the crown of this wheel ; and, as it 
jevolves, the inclined surfaces of the teeth, being forced 
under the arm, raise the rod upon the principle of the 
wedge. To diminish the obstruction arising from friction, 
the projecting arms of the piston rods are provided with 
rollers, which run upon the teeth of the wheel. In one 
revolution of the wheel each piston makes as many as- 
cents and descents as there are teeth. 

(317.) Wheel work furnishes numerous examples of 
continued circular motion round one axis, producing 
continued circular motion round another. If the axles 
he in parallel directions, and not too distant, rotation . 
jnay be transmitted from one to the other by two spmci- 
wheels (263.) ; and the relative velocities may be deter- 
mined by giving a corresponding proportion |x) the di«n»- 
eter of the wheels. 

If a rotatory motion is to be communicated from'one azk 
to another parallel to it, and at any considerable distance, 
* Thtalna MMhuanm, ton* ii^ pi. 96* fir. & 
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it cannot in praetice be aecomplifllied by irfaeelB alone, 
for the^- diameters would be too largfe. In this case, a 
Btrap or chain is carried round the circumferences of both 
wheels. If they are intended to turn in the same direc- 
tion, the strap is arranged as in^. 100. ; but if in contrary 
directions, it is crossed, as in Jig. 101. In this case, as 
with toothed wheels, the relative velocities are determia^ 
ed by the proportion of the diameters of the wheels. 

If the axles be distant and not parallel, the cord, by 
which the motion is transmitted, must be passed over 
grooved wheels, or fixed pulleys, properly placed between 
the two axles* 

It may happen that the strain upon the wheel, to which 
the motkm isi to be transmitted, ii too great to allow of a 
stap or cord being used. In this case a shaft extending 
fiKMn the one axis to another, and carrying two beveUed 
wheels (263.), will accomplish the object One of these 
bevelled wheels is placed upon the shaft near to, and in 
connection with, the wheel from which the motion is to 
. be taken, and the other at a part of it near to, and in con* 
section with, that wheel to which the motion is to be 
conveyed,^. 166. 

The methods of transmitting rotation from one axis 
to another perpeadicolar to it, by crown and by bevelled 
wheels, have been exphuned in (5363.) 

The endless screw (299.) is a machine by which a 
rotatory motion round ode axis may communicate a 
rotatory motion round another perpendicular to it The 
power revolves round an axis coinciding with the length 
of the screw, and the axis of the wheel driven by the 
screw is at right angles to this. 

The axis to which rotation is to be given, or from 
which it is to be taken, is sometimes variable in its poBi-» 
tion. In such cases, an ingenious contrivance, called a 
wmwr^j^M^ iayented ty the celebrated Dr* Hookti 
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may be used. The two shafts or axles A B,^. 167., 
between which the motion is to be communicated^ ter- 
minate in semicircles, the diameters of which, C D and 
£ F, are fixed in the form of a cross, their extremities 
moving freely in bushes placed in the extremities of the 
eemicircles. Thus, while the central cross remains un- 
moved, the shaft A and its semicircular end may re- 
volve round C D as an axis ; and the shall B and its 
■emicircular end may revolve round E F as an axis. If 
the shaft A be made to revdve without changing its 
iUrection, the points O D will move in a circle whose 
centre is at the middle of the cross. The motion thus 
iffpren to the cross will cause the points E F to move in 
another circle round the same centre, and hence the 
shaft B will be made to revolve. 

This instrument will not transmit the motion if the 
angle under the directions of the shafts be less than 14(K>. 
In this case a double joint, as represented in Jig. 168., 
will answer the purpose. This consists of four semicir- 
cles united by two crosses, and its principle and opera- 
tion is the same as in the last case. 

Universal joints are of great use in adjusting the posi- 
tion of large telescopes, where, while the observer 
continues to look through the tube, it is necessary to 
turn endless screws or wheels, whose axes are not in an 
accessible position. 

The cross is not indispensably necessary in the univer- 
sal joint. A hoop, witii four pins projecting from it at 
four points equally distant from each other, or di- 
viding the circle of' the hoop into four equal arches, will 
answer the purpose. These pins play in the bushes 
of the semicircles in the same manner as .those of the 
cross. t 

The universal joint is n^uch used in cotton-mflls, 
irliere shafts aie carried to a considerable distance £rom 
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ibe pzime mover, and great advantage is gained hj di* 
vidiBg them into convenient lengths, connected by a 
joint of this kind, 

(318.) In the practical application of machinery, it m 
often necessary to connect a part having a continued 
circular motion with another which has a reciprocating 
or alternate motion, so that either may move the oth- 
er. There are many contrivances by which this may be 
effected. 

One of the most remarkable examples of it is present- 
ed in the scapements of watches and clocks. In this 
case, however, it can scarcely be said with strict propri- 
ety that it is the rotation of the scapement-wheel (266i») 
which communicaUs the vibration to the balance-wheel 
or pendulmn. That vibration is produced in the one 
case by the peculiar nature of the spiral spring fixed 
upon the axis of the balance-^heel, and in the other case 
by the gravity of the pendulum. The force of the 
ficaipeinent-wheel only maintaina the vibration, and pre- 
vents its decay by friction and atmospheric resistance* 
Nevertheless, between the two parts thus moving, there 
exists a mechanical connection, which is generally 
brought within the class of contrivances now under ccm- 
' sideration. 

A beam vibrating on an axis, and driven by the piston 
of a steam-engine, or any other power, may communi- . 
cate rotary motion to an axis by a connector and a 
crank. TMs apparatus has been already described in 
(311.) Every steam-engine which works by a beam 
afifords an example of this. The working beam is gen- 
era,lly placed over the engine, the piston rod being at- 
tached to one end of it, while the connecting rod unites 
the other end with the crank. In boat-engines, however, 
this position would be inconvenient, requiring moire 
room than C<Hild easily be spared. The piston rod, in 
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these caMs, is, thexeHsre, eoaneoted with the end of tiM 
beam by long rods, and the beam is placed beside and 
below the engine. The use of a fly-wheel h«re would 
also be objectionable. The effect of the dead points 
explained in (311*) is avoided without the aid of a fly, 
by placing two cranks upon the revolving axle, and 
working them by two pistons. The cranks are so placed 
that when either is at its dead point, the other is in its 
most favorable position. 

A wheel A, Jig. 169., armed with wipers, acting upon a 
sledge-hammer B, fixed upon a centre or axle C, will, by 
a continued rotatory motion, give, the hammer the re- 
ciprocating motion necessary for the purposes to which 
it is applied. The manner in which this acts must be 
evident on inspecting the figure. 

The treddle of the lathe furnishes an obvious exanqde 
cf a vibrating circular motion producing a continued 
circular one. The treddle acts upon a crank, which 
gives motion to the principal wheel, in the same manner 
as already described in reference to the working beam 
and crank in the steam-engine. 

By the following ingenious mechanism an alternate 
or vibrating force may be made to communicate a circu- 
lar motion continually in the same durection. Let A B, 
fg, 170., be an axis receiving an alternate motion from 
some force applied to it, such as a swinging weight 
Two ratchet wheels (253.) m and n are fixed on this 
axle, their teeth being inclined in opposite directions. 
Two toothed wheels C and D are likewise placed upon 
it, hxA so airanged that they turn upbn the axle witii a 
little friction. These wheels carry two catches j», 9, 
wliioh foil into the teeth of the ratchet wheel m n, but 
fidl on oi^wnte sides conf<»mably to the inclination of 
the teeth already mentioned. The eflfect of these catch- 
es k, thai if the axis be made to revdve ia ene d«c^ 



laoiif one of the tiro toothed ^die^ is always compelled 
(by the catch agmnH which the laotion ie directed) to 
jevolve witii it, while the other is permitted to remain 
jBtotionary in obedjenee to any force sufficiently great to 
orercooae its fhction with the axle on which it is placed^ 
The wheels C and D are both engaged by bevelled 
teeth (26a) with the wheel £. 

According to this arrangement, in wiuehever direction 
the axis A B is made to revolve, the wheel E wiU con* 
tinnally tmn in the same direction, and, therefore, if the 
axle A B be made to tmn alternately in the one direc" 
tion and the other, the wheel E will not change the direc- 
tion of its raotion* Let ns sappoee the axle A B is torned 
against the catch p. The wheel C will then be made t6 
torn with the axle. This will drive the wheel E in the 
same direction. The teeth on the opposite side of the 
wiieel E being engaged with tiiose of the wheel D, the 
latter will be turned upon the axle, the friction which 
ahme resists its motion in tiiat direction, being overcome. 
Let the motion of the axle AB be now reversed; 
Siooe the teeth- of the ratchet wheel n are moved against 
the catch q, the wheel I) will be compelled to revolve 
with the axle. The wheel E will be driven in the same 
direction as before, and the wheel C will be moved on 
the axle A B, and in a contrary direction to the motion of 
the axle, the friction being overcome by the force of the 
wheel E. Thus, while the axle A B is turned alternate* 
ly in the one direction and the other, the wheel £ is con- 
stantly moved in the same direction. 

It is evident that the direction in which the wheel E 
moves may be reversed' by changing the position of the" 
ratt^het wheels and catches. 

(31$.) It is often necessary to communicate an alter* 
nate circular motion, like that of a penduinm, by means 
of an alternate motion in a straight ^iie. A remarkable 



\ 
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instaace of liiia occurs in the Bteam-engine. The iiiov> 
mg force in this machine is the pleasure of steam, 
whkh impels a pbton from end to end alternately in a 
cylinder. The force of this piston is communicftted to 
the working beam by a strong rod, which passes (hroagk 
a collar in one end of the piston. Since it is necessary 
that the steam included in the cylinder should not escape 
between the piston rod and the collar through which it 
moves, and yet, that it should move -as freely and be 
subject to as little resistance as possible, the rod is 
turned so as to be truly cylindrical, and is well polished. 
It is e\ddent that, under these edrcumstances, it most not 
be subject to any later^.! or cross strain, which would 
bend it towards one side or the other of the cylinder. 
ButthO end of the beam to which it communicates mo* 
lion, if connected immediately with the rod by a joint, 
would draw it alternately to the one side and the other, 
since it moves in the arc of a circle, the centre of 
which is at the centre of the beam. It is necessary, 
therefore, to contrive some method of connecting the 
rod and the end of the beam, so that while the one riiaH 
ascend and descend in a straight line, the other may 
move in the circular arc. 

The method which first suggests itself to accomplish 
this is, to construct an arch«head upon the end of the 
beam, as in fig, 171. Let C be the centre on which the 
beam works, and let B D be on arch attached to^e 
end of the beam, being a pairt of a circle having C for 
its centre. To the highest point B of the arch a chain 
is attached, which is carried upon the face of the arch 
B A, and the other end of which is attached to the pis* 
ton rod. Under these circumstances it is evident that 
when the force of the steam impels the piston down- 
wards, the chain P A B will drair the end of the beam 
doteii, and will, th?«e6)r^j ekyaifee jft^t pthereod,-! 



When tlie stettm-enfine is wed for eertain parposes, 
such as pumping, this arrangement is sufficient The 
piston in that case is not forced upwards by the pressure 
of steam. During its ascent it is not subject to the ac- 
tion of any foiee of steam, and the other end of the 
beam faUs by the weight of the pump-rods drawing the 
piston, at the opposite end A, to the top of the cyUn- 
^der. Thus the machine is in ftctpassire during the 
ascent of the piston, and' exerts its power <«}y during 
the descent. 

if the machiiM, however, be applied to purposes in 
which a constant action of the mo?ing force is neces- 
sary, as is always the case in manufactures, the foree of 
the piston must drive the beam in its ascent as w^ as 
in its descent The arrangement just described eanndt 
effect this ; 'for although a chifin is capable of transmit- 
ting ahy force, by which its extremities are drawn in 
opposite directions, yet it is, from its flexibility, incapable 
of caramnnicating a force which drives one extremity of 
it towards the other. In the one case the piston first 
puUs down the beam, and then the beam puUs up the 
piston. The chain, because it is inextensible, is perfect- 
ly capable of both these actions ; and being flexible, 
it applies -itself to the arch-head of the beam, so as to 
maintain the direction of its force upon the ]Hston con- 
tiamally in the same straight line. But when the piston 
acts up(m the beam in both- ways, in pulling it down 
and pushing it up, the chain becomes inefficient, being 
flM>m its flexibility incapable of the latter action. 

The problem might be solved by extending the length 
of the piston rod, so^ that its extremity shall be above 
the beam, and using two chains ; one connecting the 
highest point of the rod with the lowest point of the 
arch-head, and the other connecting the highest point of 
the arch-head with a point on the rod below the point 
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which meets the amh«head when the {wtoa is at the top 
of the cyhn^t fig\ l^^* 

The coDnectioQ required mayako be made by armiiig 
the arch-head wkh teeth, fig. ITB^ and cauong the pis- 
ton rod to terpunate in a rack. In cases where, as in 
the steamrengine, smoothness of motioa is essential, 
this method is objectionable ; and under any cireom- 
stances such an^apparatus is liable to rapid wear. 

The method contrived by Watt, for connec^ang* the 
iBOtion of the piston with that of the beam, is one of the 
most ingenious and elegant soiutioiMi ever prqioeed for a 
mechanical problem. He conceived the motion of two 
;8traight rods A B, C D, fig. 174., moving on centree or 
pivots A ai^d C, so that the extremities B and D would 
move in the arcs of circles, havmg their centres at A 
>and C. The extremities B and D of these rods he oon- 
<«ived to be connected with a third rod B D united with 
them by pivots cm which it could turn freely. To the 
system of rods thus connected let an alternate motion on 
the centres A . and C be communicated : the points 
B and D will move upwards and downwards in the 
arcs expressed by the dotted lines, but the middle 
point P of the connecting rod B D will move upwards 
and downwards without any sensible deviation from a 
straight line. 

To prove this demonstrativ^y would require sonie 
abstruse mathematical investigation. It may, howerer, 
be rendered in some degree apparent by reasonhig of a 
looser and m<»re popular nature. As the point B is raised 
to E, it is also drawn aside towards the right At the 
same time the other extremity D of the rod B D is 
raised to E', and is drawn aside towards the left. The 
ends of the rod B D being thus at the same tmie diawn 
equally towards opposite sides> its middle pomtPwlO 
:0U^r ^0 lateral derangement, epd will move directly 



wpwBitds. On the other hasd, if B be iii<yf«cl' downwards 
to F, it will be drawn laterally to the right, while D 
heiBg moved to F' will be drawn to the left. Hence, 
as before, the middle point P sustaiBS no laDeral derufe'* 
ment, but merely deeoends. Thus, as the extremities B 
and D move upwards and downwards in circle the 
middle point P moves upwards and downwards in • 
straight line.* 

The application of this geometrieal pdnci|^e in the 
steam-engine evinces much ingenuity. The same arm oi 
the beam usually works two pistons, that of the cylin- 
der and that of the air-pump. The apparatus is reprs- 
sented on the ann of the beam in Jig, 175. The beam 
moves alternately upwards and downwards on its axis Ai 
Every point of it, therefore^ describes a part of a circle 
^ which A is the <ientre. Lei B be the point which di- 
vides the arm A O into two equal parts A B and B G ; 
and let C D be a straight rod, equal in length to G B, 
and fixed on a centre or pivot C on which it ffi at 
liberty to play. The end D of this rod is connected by 
a staight bar with the point B, by pivots on which the rod 
B D turns freely. If the beam be now supposed to rise 
and fall <Jternately, the points B and D will move up^ 
wards and downwards in circular arcs, and, as already 
explained with respect to the points B D, Jig. 174., the 
middle point P of the connecting rod B D will move up- 
wards and downwards without lateral deflection. To - 
this point one of the piston rods which are to be worked 
js attached. 

•In a fltrictly mathematical sense, the path of the point P is a: curve, 
and not a straight line ; but in the play given to it in its application to the 
Irteam-engine, it moves through a part only of its entire locus, and this 
part extending equally on each side of a point of Inflection, the radius of 
curvature is infinite, so that in practice the deviation from a sUaight line, 
vrhen proper propQrtions are observed in (he rods, is imperceptible. 

r2 
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To eoiB4prriieiid the method of workiii^ the other pifl- 
tOD, conceive a rod G P', equal m l^igth to B D, to be 
attached to the end 6 of the beau by a pivot on which 
it moves freely ; and let its extremity P' be connected 
with D by another rod P' D, equal in len^ to G B, 
and playing on points, at P' and D. The piston rod of 
the cylhider is. attached to the point P', and this point 
has a motion prscisely similar to that of P, without any 
lateral derangement, but with a range in the perpendicu- 
lar direction twice as great This will be apparent by 
conceiving a straight line drawn from the centre A of 
the beam to P', which will also pass through P. Since 
G P' is always parallel to B P, it is evident that the tri- 
angle P' G A is always similar to P B A, and has its 
sides and angles similarly placed, but those sides 
are each twice the magnitttde of the corresponding 
sides of the other triangle. Hence the point P' must be 
mibject to the same changes of position as the point P, 
with this difference only, that in the same time it moves 
over a space of twice the magnitude. In fact, the line 
traced by P^ is the same aa that traced by P, but on a 
scale twice as large. This contrivance is usually called 
the parallel moHouj but the same name is generally ap- 
plied to all contrivances by which a circular motion is 
made to produce a rectilinear one. 
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CHAPTER XIX. > ' 

hf rftlCTION AND THfi RieiDfTT OF COROAflC. 

(320.) WiTtf ft view to the Bimplification of the ele- 
nientaTy theory of machines, the conBideration of several 
mechanical efibets of great practical importance lias been 
postponed, and the attention of the student has been 
directed exclosively to the way in which the moving^ 
pow^r 19 modified in being transmitted to the resistancd 
indepe^adently of soch effects. A machine has been 
regid'ded as an histrument by which a moving principle, 
inapplicable in its existing state to the pnrpose ibr which 
it is Te<JUBred, may be changed either in its velocity or 
direction^ or in some other character, eo as to be adapted 
to tiiat purpose. But in accomplishing this, the several 
plirts of the roaohine have been considered as possess- 
ing In a perfbot degree qualities which they enjoy only in 
an imperfect degree ; and aeeordingly the conclusions 
to which by such reasoniDg" we are conducted are infect- 
ed with errors, the amount of which will depend on 
the degree in which the machinery falls short of per- 
fection in those qualities which theoretically are unputed 
to it 

W the several parts of a machine, some are designed 
to move, while others are fixed; and of those which 
move, some have motions differing in quantity and direc- 
tion from those of others. The several parts, whether 
fbced or movable, are subject to various strains and pres- 
sures, which they are intended to resist These forces 
not only vary according to the load which the machine 
has to overcome, but also according to the peculiar form 
and structure of the machine itself. During the opera- 
tion ^e jurflices of the movaMe parts move ia iimae4i«to 
r3 
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contact with the surfaces either of fixed parts or of parts 
having other motions. If these surfiices were endued 
with perfect smoothness or polish, and the several parts 
subject to strains possessed perfect inflexibility and in- 
finite strength, then the effects of machinery might be 
practically investigated by the principles ahready ex- 
plained. But the materials of which every machine is 
formed af% endued with limited strength, and there^ne 
the load which is placed upon it must be restricted ac- 
cordingly, else it will be liable to; be' distorted by the 
fiexure, or even to be destroyed by the;firacture of those 
parts which are submitted to an undue strain. The sur- 
faces of the movable paits, and those surfaces with which 
they move in contact, cannot ia practice be rendered so 
smooth but that such roughness and inequality wiQ re- 
main as sensibly to impede the motion. .To overcome 
such an impediment requires no inconsiderable part of 
the moving power. This part is, therefore, intercepted 
before its arrival at .the working point, and the resistance 
to be finally overcome is deprived of it The property 
thus depending on the imperfect smoothness of surfaces, 
und impeding the motion of bodies whose surfaces are in 
immediate contact, is called yHc/ion. Before we can 
form a just estimate of the effects of machinery, it is 
necessary to determine the force lost by this impediment, 
and the laws which under different circutnstances rege- 
late that loss. 

When cordage is engaged in the foimation of any 
part of a machine, it has hitherto been considered as 
possessing perfect flexibility. This is not the case in 
practice ; and the want of perfect flexibility, which is 
called rigidity f renders a certain quantity of force neces- 
sary to bend a cord or rope over the surface of an axle 
or the groove of a wheel. During the motion of the 
rope a diflS^rent part of it most thus be continually bent. 



MidlftMfoBQeivhk&iiezpeiidBd in pirodnoiaif tbe moos- 
muy iidxure miit 1»e derived from the moving power, 
sand is Uiiui inlereepted on its way to the wvorking point 
Itt calonlaliBg the effects of cordage, due regard must be 
had lothia waste of power ; and therefore it is necessary 
to inqutre into the laws which govern the flexure of 
iipperfeotly flexiUe ropes, and the way in which these 
nifeet the machines in which ropes are commonly used. 
To conq>lete, therefore, the elementary theoiy of ma- 
4Qhinery, we psopose in the present and following chapter 
^o explain the pnnoipal laws which determine the eflfeete 
iOf firictien^ the rigidity ei ooDdage, and the strength of 

i3StL\ if a horioontal plane surface were perfectly 
smooth, and free from the smallest inequalities^ and a 
body having a flat surftce also perfectly smooth were 
jdaced upon 1% any force applied to the latter would put 
il in moCiont 4nd that motion would continue undiminished 
as IgMg as the body would remain upon the smooth 
taomontalearfece* But if tins surface, instead of being 
every where perfectly even, had in particular places 
small prqtjectiog eminences, a certain quantity of force 
would be necessary to carry the moving .body over 
tibese, and a proportional dimuiutLon in its rate of motion 
woold ensue. Thu^, if such eminences were of fre- 
^nent ocourrenoe, ^aoh would deprive the body of a 
part of its speed, so. that between that and the next it 
vMdd move^with a less velocity than it had between thf 
same and the pieoeding one« This decrease being eenr 
tinittd by a su^buent number of such enunenees enceun*- 
iering <ihe body ineuccesniaii) the velocity woidd at last 
be so hmc^ diminished that the body woidd net h««ie 
Mfteieat ibrce 4q tarry it over llie next endneiioe^ eaid 
ite tertian woold thw a Jl o getbi g otfle. 
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;Ndw, ii)i»t9ftd of tbai-etniBeiioes beng at & eofii8idex»» 
Ue difirtaoce asunder^ suppose them to be conti^ooB, 
und to be spread in every- direction over the horizoiHsl 
plane, and al^o su{^)ose coirespondzng eminences to be 
upon the surface of the moving body; these pregec^ 
tions ineessaatly encountering one another will continu* 
ally obstruct the motion of the body» and will graduaily 
diminish, its velocity, until it be rediieed to a elate of 
rest. 

Such, is the cause of friction. The amount of this 
resisting Ibree increases with the liu^nitude of these 
asperities, or with the roughness oC the sio&ces; but it 
does not solely depend on this. The surfaces rematning. 
the sBime, a little reflection on the method of illisstra' 
tioB just adopted, will show that the amount of fiactkn 
ought also to depend upon the force with which the sur- 
faces moving one upon the other are preyed togetfaen 
It is evident, that as the weight of the body suj^Mieed U>. 
TQQve upon the horizontal plane is increased, a ppopop- 
tionally greater force will be necessary to cany it ever 
the obstacles which it enc<»inters, and therefore it will 
the more speedily be deprived of its velocity ajokd reduced 
to a state of rest , 

(322.) Thus we might predict with probability, that 
which accurate experimental inquiry proves to be tnie, 
that the resistance, from fidction. depends conjinntly ob 
the' roughness of the surfaces and .the force of the 
pressure. When the surfaces are the same, a double 
pressure will produce a double. amount of friction, a 
tieUe. pressure a treble amount;of friction, and so on. 

Experiment also, however^ gives a res«ilt which, at 
least al first view^ might not} ha^ been anticipated from 
thfft mode of illustmtioti we. . have t fl;^pted. ,.U is fcimd 
that the resistance .acisiiigjfromi&ii^tioit* does a^ at ail 
depend on the magnitude of the suxfads of contact ; M 
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]»ovided the nature of the mirftieefl and the imoont of 
preflsme remain the same, tiiis resistance wiU be equal, 
whether the suifiices which move one upon the other be 
great or smail. Thus, if the moving body be a flat 
block of wood, the lace of which is equal to a squaro 
foot in magnitude, and the edge of which does not ex- 
ceed a square inch, it will be subject to the same 
amount of friction, whether it move upon its broad face 
or upon its narrow edge. If we consider the effect of 
the jfHieBsure in each case, we shall be able to perceive 
why tins must be the case. Let us suppose the weight 
of the block to be 144 ounces. When it rests upon its 
face, a pressure to this .amount acts upon a surface of 
144 square inches, so that a pressure of one ouiiee acta 
upon each square inch. The total resistance arising 
firom friction will, therefore, be 144 times that resistance 
which would be produced by a surface of one square 
inch under a pressure of one ounce. Now, suppose the 
block fdaced upon its edge, there is then a pressure of 
144 ounces upon a surface equal to one square inch* 
But it haa been akeady shown, that when the surface is 
the same, the friction must increase in proportion to the 
pressure. Hence we infer that the friction produced in 
the present case is 144 times the friction which would 
be produced by a pressure of one ounce acting on one 
square inch of surface, which ia the same resLstanoe as 
that which the body was proved to be subject to when 
resting on its fhce. 

These two laws, that friction is kidependent of tiie 
magnitude of the surface, and is proportional to the 
pressure when the quality of the surfaces is the same, 
are useful in practice, and gmeruUy true. In very ex« 
treme cases they are, however^ in error. When the 
Ittessure is very intense, in proportion to the suHkoa,^ 
the friction ia somevriiat lu$ than it would be by tliaae 



^ 



elevatioii is Qe^eswniy to overcame the fiaeti(»$ nor wiB 

this elevation sufifer any change, however the pressure 
or the magnitude of the sur&ces which move in contact 
may be varied. 

Since, therefore, in all these cases, the he^ht A£ 
and the base B E remain the same, it fbUows that the 
proportion between the fdetion and pressure is i9iidis<r 
turbed. 

(324.) The law that friction is proportional to the 
pressure, h%a been questioned by the late profeaMV 
Vince of Cambridge, who deduced from a series of 
experiments, that although the friction increases with 
the pressure, yet that it increases in a somewhat less 
ratio ; and from this it would follow, that the variation of 
the surface of contact must produce some effect upon 
the amount of friction^ The la^w as we have explained 
it, however, is sufficiently near the truth for most ^ractir 
4cal purposes. 

(325.) There are several circumstances regarding the 
■quality of the surfaces which produce important efifects 
on the quantity of friction, and which ought to be no- 
ticed here. 

This resistance is different in the surfaces of different 
substances. When the surfaces are those of wood 
newly planed, it amounts to about half the pressure, bat 
is different in different kinds of wood. The friction of 
metallic surfaces is about one fourth of the pressure. 

In general the friction between the surfaces of bodies 
of different kinds is less than between those of the same 
kind. Thus, between wood and metal the friction is 
Itbout one fifth of the pressure. 

It is evident that the smoother the sur&ces are, the 
less will be the friction. On this account, the friction of 
surfaces, when first brought into contact, is often gie«t* 
er than Alter their attiition hps been contianed for • 
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certain time, bectase tbat process has a tendency to 
remove and rub offtiiose minnte asperities and projec- 
tions on which the friction depends. But this has a limit, 
«nd after a certain quantity of attrition the friction 
ceases to decrease* Newly planed surfaces of wood 
have at first a degree of friction which is equal to half 
the entire pressure, but after they are worn by attrition 
it Is reduced to a third. 

If the surfaces in contact be placed with their grains 
in the same direction, the friction will be greater tiian if 
the grains cross each other. 

• Smearing the surfaces with unctuous njatter diminish^ 
es the fHction^ probably by filling the cavities between 
the minute projections which produce the friction* 

When the siolaces are first placed in contact, the 
fHction is less than when they are sufiered to rest so for 
scMae time ; this is proved by observing the force which 
in each case is necessary to move the one upon the 
other, that force being less if applied at the fhrst moment 
of contact than' when the contact has continued. 
This, however, has a limit. There is a certain time, 
different in different substances, within which this re- 
sistance attains its greatest amoui^ In surfaces of 
wood this takes place in about two minutes ; in metals 
the tHoe is imperceptibly short ; and when u surface of 
wood is placed upon a suHace of metal, it continues to 
increase for several days. The limit is larger when the 
EHirfiiees are great, and belong to substances of different 



The velocity with which the surfaces move upon one 
another produces but little effect upon the friction. 

(d^O Hiere are seveiial ways in which bodies may 
move one upon the other, in whieh friction will produce 
different effects. The principal of these aie, first, the 
oaae whBX9 one body Mka ovei another $ t)ie seoo^,^ 
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where a Iwdy liavkig a rouiid fbrm tt)22f upon another; 
and, Jthirdbfy where an axis revolves widiin a hoflow 
cylinder, or the hollow cylinder revolves upon the axis. 

With the same amount of pressure and a like quality 
of surface, the quantity of friction is greatest in the first 
case and least in the second. The friction in the sec- 
ond case also depends on the diameter of the body 
which rolls, and is small in proportion as that diameter 
is great. Thus a ceoaiage witii large wheels is less im- 
peded by the friction of the road than one with small 
wheels. 

In .the third case, the leverage of the wheel aids the 
power in overcoming the frictibn. Let fig, 178. repre- 
sent a section of the wheel and axle ; let C be the cen- 
tre ef the axle, and let B E be the hollo'w cylinder in the 
nave of the wheel in which the axle is inserted. If B 
he the part on which the axle presses, and the wheel 
turn in the direction N D M, the friction will act at B in 
the direction BP, and with the leverage BC. The 
power acts against this at I> in the direction D A, and 
with the leverage D C. It is therefore evident, that as 
D C is greater than B O, in the same proportion does 
the power act with mechanical advantage on the fiie- 
tion. 

(927.) Contrivances for diminishing the effects of 
friction depend on the properties just explained, the 
motion of rolling being as much as possible substituted 
for that of sliding; and where the motion of rolling 
cannot be applied, that of a wheel upon its axle is used. 
In some cases both these motions are combined. 

If a heavy load be drawn upon a plane in the man- 
ner of a sledge, the motion will be that of sliding, the 
species which is attended with the greatest quantity of 
friction; but if the load be placed upon cylindiical roll- 
^n, the nature of the motion is changed^ and becomes 



that in which there is the least quantity of fnctioiL 
Thus large Mocks of stone, or heavy beams of timber, 
irliich would require an enormous power to move them 
on a level road, are easily advanced when rollers are put 
under them. 

When very heavy weights are to be moved through 
small spaces, this method is used with advantage ; but 
when loads are to be transported to considerable distan- 
ces, the process is inconvenient and slow, owing to the 
necessity of continuaJly replacing the rollers in front of 
the load as they are lefl behind by its progressive ad- 
vancement. 

The wheels of carriages may be regarded as rolleis 
which are continually carried forward with the load. 
In addition to the friction of the rolling motion on the 
road, they have, it is true, the friction of the axle in 
the nave ; but, on the other hand, they are free from the 
fi^iction of the rollers with the under surface of the load, 
or. the carriage in which the load is transported. The 
advantages of wheel carriages in diminishing the effects 
of friction is sometimes attributed to the slowness with 
which that axle moves within the box, compared wit& 
the rate at which the wheel moves over the road ; but 
this is erroneous. The quantity of friction does not in 
aj&y case vary consideiably with the velocity of the mo- 
tion, but least of all does it in that particular kind of 
motion here considered. 

. In certain cases, where it is of great importance to 
remove the effects of friction, a contrivance called yHc- 
Uon-ttheeliy or friction rollers, is used. The axle of a 
frietion-wheel, instead of revolving withSh a hollow 
cylinder, which is fixed, rests upon the edges of wheels 
which revohie with it; the' species of mtitidm thtui h^^ 
comesihatin which the ftidioii ia of leikst ^'(tmnt. 
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Let A B and D C, fg. 179., be two wheels reYolTiii|r 
on pivots P Q witk as little friction as possible, and so 
placed that the axle O of a third wheel £ F may rest 
between their edges. As the wheel E F revolves^ the 
axle O, instead of grinding its surface on the surface on 
which it presses, cai:ries that suri&ce with it, causing the 
wheels A B, C D, to revolve. 

In wheel carriages, the roughness of the road is more 
easily overcome by large wheels than by small one& 
The cause of this arises partly from the large wheek 
not being do liable to sink into holes as small ones, fnit 
more because, in surmounting obstacles, the load is ele- 
vated less abruptly. This will be easily understood by 
observing the curves in^. 180^, which represent tiie 
elevation of the axle in each case. 
V (328.) If a carriage were capable of moving^on a road 
without friction, the most advantageous direction in which 
a force could be applied to draw it would be parallel to 
the road. When the motion is impeded by friction, it lb 
better, however, that the line of draught should be in* 
cliited to the road, so that the drawing force may be ex- 
pended, partly in lessening, the pressure on the road, 
and partly in advancing the load. 

Let W, Jig. 181., be a load which is to be moved 
upon the plane surface A B. If the drawix^ i^rce be 
applied in the direction C D, parallel to the plane A B^ 
it will have to overcome the friction produced by the 
ppe^ure of the whole weight of the load.upon tihe plane: 
but if it be inclined, upwards in the dir«Gt&<MQi C £1, it will 
be equivalent to two forces, expressed (74) by CG and 
C F. The part C G has the effect of lightening the 
pp-jessure of the, parriagie. ji;^Mn.t^ road^aind/ ttielrefore 
of, d im ? ni qh^i>g .the/dctLon in- Ote same proportion. The 
part Cpdrasf&lheilojMifaQnf the plawB. fiince^C F«lei» 
tbanCE or CD the whole moving foroe, it k evident 
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. that a part of the force of draught la loet by this obliijiii- 
ty ; but, on the other hand, a part of the opposing re- 
sistance is also removed. If the latter exceed the form- 
er, an a4vantage will be gained by the obliquity ; but if 
the former exceed the latter, force will be lost 

> By mathematical reascming, founded on these considern.- 
tions, it is proved that the best angle of draught is 
exactly that obliquity which should be given to the roiid 
in order to enable the carriage to move of itself. This 
obliquity is sometimes called the angle of rtpoae, and is 
that angle which determines the proportion of the frie- 
tlon to the pressure in the second method explained in 
(323.) The more r4}ugh the road is, the greater will 
this ajigle be ; and therefore it follows, that on bud 
toads the d^liquity of the traces to the road should be 
greater than on good ones. On a smooth Macadamized 
way a very slight declivity would cause a 'carriage to 
roll by its own weight: hence, in this case, the traces 
should be nearly parallel to the road. '■ < . 

In rail roads, for like reasons, the line of draught 
should be parallel to the road, or nearly so. 

(329.) When ropes or cords form a part of machineiy, 
the effects of their imperfect flexibility are in a certain 
degree counteracted by bending them over the grooves 
of wheels. But altlvpu|^.this. so far diminishes these 
effects as to render ropes practically usefiil, yet still, in 
calculating jtho: powers of machinery^ it is necessary to 
take into account some consequences of the rigidity 
iof. cordage, which even by these means are not re- 
moved. 

. To explain the^ way in- which ihe sdfihess of si rope 

modifles the operation of a noachine, we shaQ ^u^ose'it 

bent over a wheel and stretched by weights' A B, Jig. 

' lB2^Mt its ' extremities. The weights A and* B being 

eqgal, jmd' aetiiiguitC s»d B ia^oppoi^te wa^btdanee 
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the whfieL If the iveigiit A receive an additioii» it will 
OYercome the resistance of £, and turn the wheel in the 
direction DEC. Now, for the present, let us suppose 
that the rope is perfectly inflexible ; the wheel and 
weights will be turned into the position represented in 
Jig, 183. The leverage by which A acts will be di- 
minishedy and will become OF, having been before 
OC ; and the leverage by which B acts will be increas- 
ed to O G, having been before O D. 

But the rope not being inflexible will yield partially 
to the effects of the weights A and B, and the parts A C 
and B D will be bent into the forms represented in^. 
184. The form of the curvature which the rope en 
l^h side of the wheel receives is still such that the 
^epcending weight A works with a diminished leverage 
F O, while the ascending weight resists it with an in- 
erease^ leverage G O, Thus so much of the moving^ 
p^wer i« lost, by the ptiQhessof the rope, as is necessuy 
to compensate this disadvantageous change in the pow- 
er of the machine^ 



CHAPTER XX. 

ON THE flTRBMOm OF UATBtLIAtS* 

I) ExPB&iMEHTAXi inquiries into the laws which 
regulate the strength of solid bodies, or their power to^ 
lettst forces vaiMNiiiy applied to tear or break them, 
an obstructed by practical difficulties, the nature and 
extent of wiaek are so discouraging, that few have ven* 
tared to encounter them at ail^ and still feirer. the 
•teadineM to praawfem until ju]^ sesnh 6faomig ft giem- 
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era! Iftwhasbeon obteifted* These dificttltiea ate, 
portly from the great forces which must be applied, but 
more from the peculiar niiture of the objects of those 
expeiiments. The end to vhich such an inqoirj miurt 
be directed is the derelopement of a genarai lauf; 
tlAt is, such a role as would be rigidly obserted if the 
itiMterihls, the strength of whoch ia the object of inqniiyy' 
were perfectiy unifinrm in their textare, and subject to 
ne casual inequalities. In pr(^orttDn as tiiese iueqnaM'* 
ties are freqsent, experiments mhst be multiplied, tiiat 
a long average mtiy embrace eases varying in iMidh ex^ 
tremes, so as to eliminate each other's effects in the final 
result 

The materiiJs of wludi etmctiires and works of hit 
are composed are liable to so ihany and so cdnsidenAite 
ineqnaUtiea of textmie, that any rule which can be de*< 
duced, even by the most extensive series of experi« 
rasBts, iaust be regarded as a mean resnlt, from which 
indhridnal examples will be fotmd to vary in so gf^at 4* 
de^grce, that saore than nsual caiition most be Observed 
in its practical application. The details of this subject 
belong to engineerings nioze property than te (the ele- 
ments of mechanics. Nevertheless, a general view eC 
the most important principles which have been eetali* 
liahed respecting the strength of materials will aot bei 
misplaced in this treatise. 

A piece of solid matter may be submitted to the ao» 
tion of a force t^k^g to sep«urate its parts in several 
ways ; the principal of which are, •*- 

Is To a direct pvU^ — as when a rope or wire is 
stretched by a weight When a tie-beam resists the 
Reparation of the sides of a structure, &c» 

2l To a direct pressure or thrust, — as when a weight; 
rests upon a pillar. 

a To a transverse strain, -^as when weifh|s en the 
, ends of a lever press it on the fulcrum. 

\ 
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/^aai.) Ifa solid be submitted to^a finee^ wiucli drasiai 
it in ibe direction of its iengtfa, having a iendency to 
pull its ends in opposite directions, its strength or jpower 
to resist such a foiice is proportional to the magnitade of 
its transveise section. Thus, suppose, a square rod <^ 
metal AB^ figi 165^ of the breadth aiid thickness of 
one inch j be polled by a-fbrce in the direiction A B^ and 
that a certain force is found sufficient to tear k ; a rod of 
the same mettd of twice the breadth aad the same 
thickness will require double the force to break it ; one 
of' treble the breadth and the same thickness will re- 
quire treble the force to break it, and so onj 

The reason of this is evident. A rod of double or 
treble the thickness, in this case, is equivalent to two or 
three equal and similar rods which ^oally and separately 
resist the drawing feorce, ai^ therefore possess a degree 
of strength proportionate to their ixinnber. 
\ It. will easHy be perceived, that whatever be the sec- 
tion, the same reasonnig wiE be applicable, and the 
power of resistance will^in general, be pioportional] to 
its magnitude or area. 

Ai the material were perfectly anifbrm threughoiit its* 
ikmensioBs, theresistance to a direct pull would notbe^ 
aifol^d \ff the length of the rod. Jn inactic^ htyvreirerv 
th^lMtr^iase of length is found' to lebsen the strengths' 
This is to be attributed to the .inet«ased chaxioe of ia- 
equality. < . •' 

^ (939.) No 8ati»ftx;tory r^ults have been obtained 
either by theory or experiment respecting the laws by 
w^iifeb solids resist cottiiwession. The |)0wer of a per- 
pendicular pillar to- support a weight placed upon it 
evidently depends on its thickness, or the magnitude of 
its base,' and on its- height. It is certain that when the 
height is the same, the strength increases with every 
ilicretaite oif the basoj but it seems doubtftd whether the 
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if two coknnnfl of the same^ material have eqnal heights; 
and the ba»^ of one be dottble the bajie of the <yUierj 
the strength ef one will be greater, but it is not ci^rtaitt 
whether it will exactly double that of the other* Ac-* 
oording to the theory of Euler, wMoh is in a certain de- 
gree verified by the experiments of Musschenbrock, the 
strength wiD be increased in a greater proportion than 
th^ base, so that if the base be doubleii, til» stfODgth' wffi 
be more than doubled. 

When the base is the same, the strength 'is> diiann- 
ii^ed by increasihg.tiie height, aiid t^s decrease ef 
irti^ngth is |>roportionaIly greater Hian the increase 6f 
heigfirt. AccoidiAg'to Baler's 'theory, the decrtfase of 
strength 'is piropoTtional tor the square of tbc heighfti 
that is, when the height fe increased in a two*iWd5»oi 
portion, Ae 'strength is dimimshfed in a fourfold pro* 
portion. 

• (333.) The strain to which sblids foftning ihe ptrito of 
stnwJfcures of every kind are most commonly ei^qarf 
\si the lateral or transverse str8tin,.<»'that whicli adts «| 
tight angles t6 their lengths. If any -stroin act oWiiiue*. 
ly to the direction of their length it may be resofcwd 
into two forced (9^), one fa the dtirfection of Ae lenjth, 
and the otiifefr At ri^ angles to fii<^ lehgth. That port 
which acts in the direction of the length will produw 
either compression or a direct pull, and its effect aratt 
be investigated accordingly. '■ ' 

Although the results of tJieoryi as^ well as thoae «f 
experimental investigations, ^sent gteW discordances 
•respecting the transverse strength' of solidsi^ yet these 
are ^oine partlciaalis, in ^ch' tlrfey,^ar -tb* om^* I*«^ 
agree ; to this it is our object here to ctmfine ourvebss^ 
vationsi declining aff ' details Yelatlhg to disputed pMite 
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/ Let AB€D»^. mi^k0 a beanol, mffxjctc^ «t ita 
eods A and B. Ita slrength to support a weight at £ 
presfling downwards at right angles to its length is evi- 
^ dently pn^oztional to its breadth, the other things being 
tb^ same. For a beam of double or treble breadth, and 
of the same thickness, is equivalent to two or three 
equal and similar beams pliiced.a^de by lide,^ Since 
each of these would possess the seme.. strength, the 
whole taken together would, possess doi^ble or treble the 
strength of any one of them. 

When the breadth and length are the same, jthe 
strength obviously increcuBes with the. depth,, but not in 
the same proportion.. The increase of strength is found 
to be much greater in propgrtjion than the increase of 
depth. "Bf the th^fn^ of Gali}e% a double (mt treble 
thtckmess ought. to increase the strength in^afbur-£Qik4 
«r nihft-^iild pipportio^r «^ experiuiettts inmostoMes 
do not materially vary from this rule. 

If while the ]^ei|dth and depth remain the ssme, the 
length of the beam, or rather the distance betwef^ th^ 
pomts of sttf^rt va^y, the strength will vary acpord*- 
ingly, decreasing in the same pj^Qportion as the.lacigth 
iacreases. 

Fioia these obeervations it appean^ that the trans* 
vone mtrength c^ a beam depends more on its thickr 
anw than ks breadth. Hence we find that a broad 
Hm^ bowrd is much stronger when its edge is presented 
upwfBurds. On this .principle the joists or rafters of 
Aoqbi and ro0& are constructed. 

it twa beeiBS be in all respects similar, their strengths 
moSl Jite in the laroportieB of the squares of their lengths. 
Lflfc, the lei^h^ brpadth, and depth of t^e ,one be re- 
spBsfcHreljr double the length,, breadth, and depth of the 
•Ans. By the. double broadlth the beam doubles its 
strength, but by doubling the lengU^ iialf this strength is 



tost ThoB-the increase of length and breadth coun- 
teract each other's effects, and as far as they are eon* 
cemed, the strength of the beam is not changed. Bat 
by doubling the thickness, the strength is increased in & 
fbur-iUd ^pofelion, that is, as the square of the length. 
In the same manner it may be shown, that when aU the 
dimensions are trebled, the strength is increased in a. 
ah&e^fold proportion, and so on 

(334.) In all structures the materials haTe to support 
their ovn weight, and therefore dieir available 

• strength is to be estimated by the excess of iheit 
absolute strength above that degree of strength which 
Is just soffidesit to support their own wei^it This con- 
sideration leads to some toncrusions, of which numerous 
•nd striiong iHuStrtdions are presenled in the works of 
ulttvre and art 

We hitve eeen that the ahsohrte stk^ngth with whiKth 

-m iatersl stnin is resisted is iia the propartioa of the 
•q;iiare of ttm linear dimcasmns of similar parte of - a 
fltraetnre, and therefore the amoont ef this strength 
increases rapidBy wiRii ev^ foetease of the dimenaionff 
of m bofy. Btft at the same time the iretght of the 
body increases in a still more rapid proportion; Tfans^ 
if the several dimensions be doubled, the strength will 
be increased in a four-fold, bat the weight in an 
eight-fbld proportion. If the dimensions be trebled, 
the strength will be multiplied nine thnes, but the 
weight twenty-seven times. Again, if the dunensions. 
be multiplied four times, the strength will be multi- 
plied sixteen times, and the weight sixty-four times, and 
so on. *^y 

Hence it is obvious, that although the «tfJ» t***^ **^ A 

body of small dimensions may greatly exceed itfe^>|^^ 

and, thereffbre, it fcnay be able to support a'l6adsiia(y 

times iteown weight; yet by ft ^eat ittefease wUte 

^3 
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-dbnensioiis, the weigbt increasing in' a innch' greater 
de;i^ree, the available strength may be much dhniniBfaed, 
and such a magnitude may be assigned, that the wei^t 
of the body must exceed its streiigth, and it not only 
. would be unable to support any load,- but would actually 
&1\ to pieces by its own weight 

The strength of a structure of any kind is not, there- 
fore, to be determined by that of its model, which wfll 
: always be much 'stronger in proportion to its size. All 
' woi-ka, natural and artificial, have 'limits of magmtode 
- wJiich, while their materials remain the same, tiiey can- 
not surpass. 

In conformity wkh what has just been explained^ it 

lias been observed, that small animals are. stranger in 

* tproportion tiuin large ones ; that the yovng plant 

has more available strength in proportion than the 

large forest tree ; that children are less liable to ilvjury 

^^m accident than men, &a. But althoogh to a cer- 

' tain extent these observations are just, yet it ooffat 

not to be forgotten, that the mechanical conclusioas 

' which they are brought to illustrate are founded on the 

' atpipositioh, that the smaller and greater bodie« which 

%arel:ompajed are domposed of' ptvds^y similar -mateii- 

^'als. This is not the case in any of the examples here 

i adduced; 



CHAPTER XXL 
»n 

JMialilwlu ^^ BALANCES AND PENDTTLUMS. 

^\335.)'THt: preceding chapters hare been confined 
almost whdOj to the cog»idetation of the lawi of me- 
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€hftmc% without entering into & particular decription 
of the machinery and instruments dependant upon those 
laws. Such descriptions would have interfei*ed too much 
wkh the regnlar progress of the subject, and it therefore 
ftppemred preferable to devote a chapter exclusively to 

' Ifab portion of the work. 

Pefiiips there are no ideas which man receives 

: tbvMtgh the medium of sense which may not be referred 
ultuo^ately to matter and motion. In proportion, there- 
frMyM he becomes acquainted with the properties of 
ihe ene and the laws of the oflier, his knowledge is ex- 
tended, his ecanforts are multiplied; he is enabled to 
bend the powers of nature to his will, and to construct 
uui^UBery which eflbcts with ease that which the united 
kbwtt <^ thousands would in vain be exerted to accom- 

Of the properties of matter, one of the moet important 
'le itti weighty and the element which mingles inseparably 
urith the laws of motion is time. 

In the ptoeo pt chapter it is our intention to describe 
■must instranents as are usually employed for determin- 
ing the weight of bodies. To attempt a description of 
the various machines which are used for the measure- 
-Bwnit of time, woidd lead us into too wide a field for 
the present occasion, and we shall, therefore, con- 
-fine ourselves to an account of the methods whfcfa 
have been practised to perfect timt instrument which 
«flbrdBthe most con«ct means of measuring time, the 
j^ettBcuum. 

The instrument by which we are enabled to deter- 
flilne, witii greater accuracy than by any other means, 
the relative weight of a body, compared with the weight 
«f another body asseoned as a standard, is tiie balance* . 

»4 
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O/theJiMance. 
The baJance may be deecribed as coixisistiiig' of.m 
. inflexible rod or leyer, called the beam, furnished with 
(three axes ; one, the fulcrum or centime of .fKkotioiifataated 
in the middle, upon which the beam toms^ and the other 
. two near the extremities, and at equal ()istaAcea £'om 
the middle. These last are called the p<Hnts of anfpfoi, 
. and serve to sustain the pans or, scales. 
^. The points of support and the fulcrum are in the aaaie 
. right line, and the centre of .gravity of the whole should 
. be a little below the fulcrum wh^n the position of tbe 
: beam is horizontal. 

The arms of the lever being equals it follows ^Mtif 
equal weights be put into the scales^ i^.eWe^i wiU be 
produced on the position of the balance, and the heaiD 
will remain horizontaL 

:^ ,,If a small addition bo made to the weight in. ooe ^f 
the scales, the horizontality of the beam will be dis- 
turbed; and after oscillating for some, time, it wi^f on 
jittaining a state of rest, form an angle with the horison, 
-,the extent of which is a measure of the delicucyor 
- sensibility of the balance. 
. .As the sensibility of a balanee is of the utmost i»- 
jtortanqe in nice scientific inquiries, .we shaU enter 
somewhat at large into a consideraticoi of the circipi^ 
;^xioes by which thi^- property is influenced. 
.. I^wf^* 137, let AB represent the beam drawn &Qp» 
the horizontal position by a very small weight plsced 
in the scale suspended from the point of svgpfort 
3.; theiji the force tending to draw the beam £umk 
the hprizon|»l .position maybe expressed by P B.imil* 
tipjjed )>y such very 9mall weight itcting upon the 
point B. 
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Let the centre of gravity of the whole be at G ; then 
the force acting against the former will be G P multi- 
plied into the weight of the beam and scales, and when 
these forces are equal, the beam will rest in an inclined 
position. Hence we may perceive that as the centre of 
gravity^s nearer to or further from the fulcrum S, (every 
thing else remaining the same,) the sensibility of the 

• lialance will be increased or diminished. 

. For, suppose the centre of gravity were removed to ^, 
then to produced an opposing force equal to that acting 

•'upon the extkvmity of the beam, the distance gp^m 
tiie perpendicdhur line must be increased until it be- 
comes nearly equal to GP; but for this purpose the 

' eod of the beam B tnust descend, which will iHciease 
theahgieHSB. 

I' . As all weights i^aeed in tfa^ scales are referced to 
the iine Joining the points of support, and as this line 

,is abo^e. the centre of gravity of the beam when nbt 

' loaded, such weights will raise the centre of gifavit^ ; 
l>ut it wffl be seen ithat the sensibility of the balance, 
as fiir as' it depends npon this cause, will remain nnal- 



For, calling the distance S G unity, the distance of 
'the <^eiitre of gravity from the point S (to which t^e 
weight which has been added is referred) will be ex- 
. pressed by the reciprocal of the weight of the beam so 
increased ; that is, if the weight of the beam be doub- 
led by weights placed in the scales, S g^ will be one half 
of S G ; aBd if the weight of the bean^ be in like man- 
ner trebled, S g will be one third of S G, and so oti. 
And as GP vailes as &G,gp inJi be inversely proper- 
tioBsle to the increased w^ht of the beam, and con- 
,flequ«ntlyi the product obtain^ ^y multiplying^ gp hy 
the weight <Mf the beam and its load will be a eonalajat 
qowitity, and the eoosibilily ff the balluieei aftj^fiw^ 
stated, will suffer no alteration. 
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We vfSl now suppose that tiie Mcrum By Jig. IBS., 
is situated below the Une joining the points of suppott 
and that the centre of gravity of the beam w&en not 
loaded is at G. Also that when a very small weight is 
placed in the scale suspended from tiie point B, the 
beam is drawn from its horizontal positicm, the deviation 
being a measure of the sensibility of the balance. Then, 
as before stated, G P multiplied by the weight of the 

, beam wUl^ foe equal to P' B multiplied by the very small 

' additional weight acting on the point B« 

Now if we place' eqnal weights in bdth scaien, such 
jid(Moiial weights will be referred to ihe point W, and 
Ibe Teaulting distance of the centre of gravity fhua tiie' 

' pOBt W, calling W G umty, will be expressed as b^ove 
Iby the reciprocal of the increased weight of the loaded 

> beam. But G P wffi decrease in a gniater proportion 
liian W 6 : tiras, supposing the weight of i^ beam to 
^ doubled, W g would be <me' half «f W G ; but gp, 

- mil wflt be erideni on an inspection of the figure, wifi be 
less than half of G P ; and the same small weight which 
was befbre applied to the point B, if now added, woodd 
depress the point B, until the distance gp became soeh 
as that, when multiplied by the wei^t of the whcde, the 
product would be as before equal to P B^ multiplied by 
the before mentioned very small added weights The 
sensibility of the balance, therefore, in tills case wenld 
be increased. 

If' the beam be sufficiently loaded, the centre of grav- 
ity will at length he raised to the fulcrum S,ttnd the 
beam will rest indifferently in any position. If more 
weight be then added, the centre of gravity vdB be 
raised above the ^cnim, and the beam will turn over. 
Lastly, if the fulcrum S, J^. 189., is above the iine 

>«ing* the two pobits of support, as any additional 

weighto pktotfdtetbe scales wOl be reftb-od to the point 



W, in tiie Une jomingr A and B, if the weight of the 
heam be doubled by luch added weights, and the cen** 
tre of gravity be consequently raised to g, W g wil^ 
become equal to half of W G. Biitgp, being greater 
than one half of G P, the end of the beam B will 
rise until g|» becomea such as to be equal, when mult 
tiplied by the whole inczeaaed weighti of. the beam ta 
P 3* multiplied by the small weight, which we aoppoee 
to have been placed as in the preceding ezAmp)e% in 
The scale. 

From what has been said, it will be seen that there 
are three positions of jbhe fulcrum which influence the 
sensibility of the balance : first, when the fulcrum anf 
the points of support are in a right line, when the sen* 
sibility of the balance will remain the same, though the 
weight with which the beam is loaded should be varied; 
secondly, when the fulcrum is below the line joining the 
two points of support, in which case the sensibility qf 
the balance will be increased by additional weigjits, 
until at length the centre of gravity is raised above the 
fulcrum, when the beam will turn over ; and, thirdljic, 
when the fulcrum is above the line joining the two 
points of support, in which case the sensibility of the 
balance will be diminished as the weight with which 
the beam is loaded is increased. 

The sensibility of a balance, as here defined, is the 
angular deviation of the beam occasioned by placing an 
additional constant small weight in one of the scales; 
but it is frequently expressed by the proportion whic|i 
such small additional weight bears to the weight of the 
beam and its load, and sometimes to the weight the 
value of which is to be determined. > 

This proportion, however, will, evidently vary wjith 
difiTerei^t weights, except in the case where the tentie of 
gravity of the beam is m the .line joi^ung the points 



Supporting the scales, the fuk/am beihg above ^tliitfline^ 
aAd it is therefore necessary, in every oth^r case, whefa 
speaking of the sensibility of the "balance, to designate 
fhe weight with whieh it is loaded : thus if a balance 
has a troy pound in each scale, and the horizoHtality of 
tfce beam variito a certain small quantity, just perceptible 
bh the addition of one hundredth of a grain^ we say 
that the balance is sensible ^^jts^os-u P^^ ^^ its load 
with a pound in each scale, or tiiat it will determine 
the weight of a troy pound within j^^-^- part of the 
whole. * 

The nearer the centre of gravity of a balance is to its 
ftdcrum, the slower will be the oscillations of the beam'. 
The number of oscillations, therefore, made by the beam 
in a givien time ^a minute for example), affords the most 
accurate method of judging of the sensibility of tihe 
balance, which will be the greater as tihe oscillations 
are fewer. ' . 

Balances of the most perfect kiiid (and of such only 
it is our present object to treat) are usually iumished 
with adjustments, by means of which the length of the 
arms, or the distances of the fulcrum from the points of 
support, may be equalized, and the fulcrum and the two 
points of support be placed in a right line ; but these 
adjustments, as will hereafter be seen, are not absolutely 
necessary. 

The beam is variously constructed, according to the 
purposes to which the balance is to be applied. Some- 
times it is made of a rod of solid steel ; sometimes of 
'two hollow cones joined at their bases ; and, in some 
balances, the beam is a frame in the form of a rhombus': 
the principal object in all, however, is to combine 
strength and inflexibility with lightness. 
• A' balance of' the best kind, made by Troughtoh, is so 
<}6ntHfed «« to be contained, when not in use, in m 



drawer Mow theciise ; wndtrhen in use^ it is protected 
from any disturbance from corrents of air, by being 
enclosed in the case above the drawer, the back and 
fromt of which are of plate glass. There are doors in the 
sides, ' through which the scale-pans are loaded, and 
t^re- is a door at the top through which the beam may 
be taken out 

i A strong brasi^ pillar, in the center of the box, sup- 
ports- a square piece, on the front and "back of which' 
rise two arches, nearly s^aodcirculair, on which are fixed ' 
two horizontal planes of agate, intended to support the*^ 
fulcrimL Within the pillar is a cyHndrical tabe, which 
slides up and down by means of a handle on the out-^ 
side of the case. To the top of thk' interior tiibe ii^ 
fixed an arch, the terminations of which pass beneath- 
and outside of the two arches before described. These'' 
tettninatioiis are formed into Y s, destined to receive^ 
' the .ends of the fulcrum, which are made cylindrical for' 
this purpose^ when the interior tube is elevated in ordet^ 
tor^eve the axis ^hen the balance is not ill use. On^ 
depressing the interior tube, the Y«iquit 4^e'axjs, and- 
leste it iti Its proper position oh l^e agate planes. The' 
b^ani is about eighteen inches longj and is formed of 
two hollow cones of brass, joined at their bases. The 
lliickness of the brass does not exceed OXJQ of an i»ehv 
but by means of circular rings d#iven into the coHes at' 
intervals they are rendered ahhost -inflexible. Across^ 
tiie middle of the beam passes a cylinder of steel, tiie 
lower aide of which is formed into an edge, having aH 
angle of about thirty degrees, whioh^ being hsrd'ened 
and well polished,' constitutes the ftilcrum, and rests- 
upon the agate plaines for the length of about 0.05 of an 
inch. 

Each point of suspension is fonned'of ati axis haviiti^< 
two sharp concave edges, upon which rest at right nxk* 
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^ea twooU)^ abarp^coneiayd ^ges forni^ in tbe spmv 
shftpe4 ]»ii^e to which the strings carrying the scde^ 
pan are attached* The two points are a^lustable, Uie 
Cine horizontally, for the purpose of equalizing the armj 
of the beam, and the o^r vertically, for bringing 
the points of susj^ension and the fukrum into a right 
line, 

Buch IB the form of Tronghton's balance: we shall 
now give the description of a balance as constructed 
by Mr. Robinson of Devonshire Street, Portland 
Plaeec — 

r The beam <yf this baknce is only ten inches lon^. It 
is.% frame of befl-m^tal in the fonn df a rhonabns. 
The fulcrum is an eqoilateral triangular prism of steel 
€|D!0>inGh in length} but tibte edge tfa idiich the beam 
i4bs«(tes is fc^tned to a^ anglfe of 12(K>, in order to pre- 
vent as^ ii^ury from the weight with which it may be 
loaded.: The chief peculiarity ha thid balance consists 
is. the knife'^edg^ which forms thie Hdcmm beariag npod 
f^ agate pltme throughout its Whole length, whereas we 
llftve «een iai the balance before described that tfa^ 
whale weight is su{^oited by portions only of the ksaSe^ 
edgl&» amounting together to one tenth of an inch. 
The supports for the scales are 'kiiife->-edge8 each six 
tenuis c^ an inch long. These are each flimished witli 
two pressing screws, by meajis of which they may be 
made parallel to the central knife^^edge. 

Each end of the beam is sprung obliquely upwards 
and towards the middle, so as to form a spring through 
which a pushing screw passes, which serves to vary the 
distance of the point of support from the fulcium, and, 
attbesaine time, by its oblique action^ to raise or depress 
it, so as to furnish a means of bringing the points of 
supfwrt and tiie fulcrum into a right line. 



A pifOQe of wire, four ioGlies loog» «d whkh a semw 
is cut, proceeds from the middle of the beam dow»- 
wards. Tlus k pointed toserv^ as an index, and a small 
brass baU moyes on tbe screw, bj changing the sitaa-^ 
tionof which the plaAo of the centre of gravity may be 
varied at pleasure. 

The fblcrum, as before remarked, rests upon an agate 
plane throughout its whole length, and the scale-pans ase 
attached to planes of agate which rest upon the knife- 
edges fc«ming the points of support. This method of 
supporting the scale-pans, we have reason to believe, is 
due to Mr.Cavendidb. Upon the lower half of the 
pillar to which the agate plane is fixed, a tube slides i^> 
and down by means of a lever which passes to the 
outside of the case. From the top of thb tube, aims 
proceed obliquely towards the enda of the balance, 
serving to support a horizontal piece, carrying at each 
extremity two sets of Y «, one a little above the other. 
The upper Y « are destined to receive the agate planes 
to which the acale-pans are attached, and thus to reiieve 
the kni^<;«dges from thek pcessure ; the lower to re- 
ceive the knife-edges which form the points of sujqMit, 
eonse^ently these laitt^ Y «, when in actkm,. sustain 
the whole beam. 

When the lever is freed from a notck in which it is 
lodged, a spring is allowed to act upon the tube we have 
m^itioned, and to elevate it. The ^per Y 9 first meet 
the agate planes carrying the scale-'pans and free them 
from l^e knife-edges. The lower Y a then come into 
action and raise the whole beam, elevating the central 
knife-edge above the agate plane. This is the usual 
State of the balance when not in use : when it is to be 
brought into action, tiie revcorse of what we* hav« de- 
eerihed takes place. On pressing down the lever^ the 
'«Mti«l.teifi»-edge firat suBttta tiie aftba. piane, and 
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Afberwmidsihetwo agate plants carp^rmg the'«eiAe-paii^ 
.aro deposited upon their su^poiling knife-edges. 
I A balance of tkis eoiistruetion was employed by the 
•writer of this aiticle in adjusti^ig the naftional standard 
pound. With a pound troy in each scale, the additidn of 
one hundredth of a grain caused the iiidex to" vary one 
dxnaioai, equal to oneteiith of an inch, and Mr. Ro^nson 
adjusts these balances so that with one thousand grakis 
in each scale, the index varies perceptibly on the addition 
of one thousandth of a grain, or of one^millionth part of 
the weight to be determined. 

It may not be uninteresting to subjoin, from the Phi- 
losopyoaJr Transactions for 1826, the descriptioti of a 
-bldance perhaps the most sensible that has yet been 
made, eokistructed for verifying the national staadard 
bushel. The author says, — 

**The weight of the bushel measure, together with 
thfi?80^. of water it Should contaili, was about 250 lbs. ; 
:«2id'aa I could ^d no balance capable of deteraainiiig 
tao large' a wei^t with sofficient accuracy, I was nftder 
the necessity of constmeting one for this express pur- 
peae. . " ' •.•'■■'..■: /. ^ " 

**'I first tried • cast iron ; birt ' tho«gh ' the * beam was 
made as lightasr was consistent with the requisite degree 
of 'sCrMlgth, tUe inertia of such a hrnss appeared^tb be 
BO 'considdrelbie; (hat much thae must have been lost 
'be&re the-. baiaxK^ would faav^ /answered to- t^e'n&all 
< differences I wi^ed to asoertaub. lightness waa a 
property essentially necessary, and btQk was vei7'de«ira- 
(ble^ in order to preclude siich errors as might arise irooi 
the beam being partially afiitoted by sudden alterations 
oFtenq>0ratiire; : I therefixre determined to emp\6y wobd, 
a material in which the requisites I sought wete^cdmbined. 
The beam was .mhdeof a plank of mahogaiiy,' aboiitTO 
;iBsh^.lokig, SSk i^heir wilie^ and dt tiuok, ^itpiinmg^^m 
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the middle to the extremitiefl. An opemng wa« cut in 
the centre, and strong blocks screwed to each side of the 
plank, to form a bearing for the back of a knife-edge 
which passed through the centre. Blocks were also 
screwed to each side at the extremities of th^beam on 
which rested the backs of the knife-edges for supporting 
the pans. The opening in the centre was made siiffi« 
ciently large to admit the support hereafter to be d«<« 
acribed, upon which the knife-edge rested. 

^< In all beams which I have seen, with the exception 
of those made by Mr. Robinson, the whole weight i* 
sustained by short portions at the extremities of the 
knife-edge ; and the weight being thus tiirown upon a 
few points, the knife-edge becomes more liable to change 
its figure and to suffer injury. 

'* To remedy this defect, the central knife-edge of the 
beam I am describing was made 6 inches, and the two 
others 5 inches long. They were triangular prisms with 
equal sides of three fourths of an inch, very caref^ly 
finished, and the edges ultimately formed to an angle ef 
120O. 

^'Each knife-edge was screwed to a thick jdate of 
brass, the surfaces in contact having been previously 
ground together ; and these plates were screwed to the 
beam, the knife-edges being placed in the same plane, 
and as nearly equidistant and parallel to each other as 
could be done by construction. 

^The support upon which the central knife^dge 
rested throughput its whole length was formed of a plate 
of polished hard steel, screwed to a block of cast iron. 
This block was passed through the opening before nien>« 
tioned in the centre of the beam, and properly attached 
to a firame of oast iron. 

^ The stamps to which the scales were hooked rested 
Wfwi plates of polished steel to which they were at< 
t 
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tached, aad the under 8urfsce»of whi6h were formed by 
careful grinding into cylindrical segments. These were 
in contact with the knife-edges their whole length, and 
were known to be in their proper position by the corre- 
le^ndence of their extremities with those of the knife- 
edges. A weU imagined contnvance was applied by 
. Mr. Bate for raising the beam when loaded, in order to 
prevent unnecessary wear of the knife-edge, and for the 
purpose of adjusting the place of the centre of gravity^ 
when the beam was loaded with the weight required to 
be determined, a screw carrying a movable ball projected 
vertically from the middle of the beam* 

^ The performance of this balance fully equalled n^ 
expectations. With two hundred and fifty pounds in each 
scale, the addition of a single grain occasicmed an im- 
mediate variation m the index of one twentieth of an 
inch, the radius being fifty inches." 

From the preceding account it appears that this bal- 
ance is sensible to ^^^^^^^ part of the weight which 
was to be determined. 

We shall now describe the method to be pursued in 
adjusting a balance. 

1. To bring the points of suspension and the fulcrum 
into a right line. 

Make the vibrations of the balance very slow by mov- 
ing the weight which influences the centre of gravity, 
and bring the beam into a horizontal position, by means 
of small bits of paper thrown into the scales. Then 
load the scales with nearly the greatest weight the 
beam is fitted to carry. If the vibrations are performed 
in the same time as before, no fiirther adjustment is 
necessary; but if the beam vibrates quicker, or if it 
oversets, cause it to vibrate in the same time as at first, 
by moving the adjusting weight, and note the distance 
through which the weight has passed. Move the weight 
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then in the contrary direction throngh double this dis- 
tance, end then produce the former slow motion hy 
means of the screw acting vertically on the point of sup- 
port Repeat this operation until the adjustment is 
perlfect, 

fi. To make the arms of the beam of an equal 
length. 

Put weights in the scales as before ; bring the beam 
as nearly as possible to a horizontal position, and note' 
the division at which the index stands; unhook the 
scales, and transfer them with their weights to the other 
ends^ of the beam, when, if the index points to the same 
division, the arms are of an equal length ; but if not, 
bring the index to the division which had been noted, 
by placing small weights in one or the other scale* 
Take away half these weights, and bring the index 
again to the observed division by the adjusting screw, 
which acts horizontally on the point of support If ^e 
scale-pans are known to be of the same weight, it will 
not be necessary to change the scales, but merely to 
transfer the weights from one scale-pan to the other. 

O/iheUaeqf the Balance, 

Though we have described the method of adjusting 
the balance, these adjustments, as we have before 
remarked, may be dispensed with. Indeed, in all deli- 
•cate scientific operations, it is advisable never to rely 
upon adjustments, which, after every care has been em- 
ployed in effecting them, can only be considered as 
approximations to the truth. We shall, therefore, now 
describe the best method of ascertaining the weight of a 
body, and which does not depend on the accuracy of 
these adjustments. 

Having levelled the case which contains the balance, 
and thrown the beam out of action, place a weight in 
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each Bcale-pan nearly equal to the weight whi<^ is to be 
determined. Lower the beam very gently till it is in 
action, and .by means of the adjustment for raising or 
lowering the centre of gravity, cause the beam to vi- 
brate very slowly. Remove these weights, and place 
the substance, the weight of which is to be determined, 
in one of the scale-pans ; carefully counterpoise it by 
means of any convenient substances put into the other 
scale-pan, and observe the division at which the index 
stands; remove the body, the weight of which is to 
be ascertained, and substitute standard weights for 
it so as to bring the index to the dame division 9s be- 
fore. These weights will be equal to the weight of 
the body. 

If it be required to compare two weights together 
which are intended to be equal, and to ascertain their 
difference, if any, the method of proceeding will be 
nearly the same. The standard weight is to be care- 
fully counterpoised, and the division at which the index 
stands, noted. And now it will be convenient to add in 
either of the scales some small weight, such as one or 
two hundredths of a grain, and mark the number of di- 
visions passed over in consequence by the index, by 
which the value of one division of the scale will be 
known. This should be repeated a few times, and the 
mean taken fc»* greater certainty. 

Having noted the division at which the index rests, 
the standard weight is to be removed, and the weight 
which is to be compared with it substituted for it. The 
index is then again to be noted, and the difference be- 
tween this and the former indication will give the differ- 
ence betweeh the weights in parts of a grain. 

If the balance is adjusted so as to be very sensible, it 
will be long before it comes to a state of rest It may, 
therefore, sometimes be advisable to take the mean of 



the extent of the yibratipiui of the index u the point ^ 
where it would rest, and this may b^ repesJted eeveril 
times for greater accuracy. It must, faowe?er, be remem- 
bered, that it is not safe to do this when the extent of 
the vibrations is beyond one or two divisions of the 
scale ; but with this limitation it is, perhaps, as good a 
xdethod as can be pursued. 

Many precautions are necessary to ensure a satisfac- 
tory result The weights should never be touched by 
the hand ; for not only would this oxydate the weight, 
but by raising its temperature it would appear lighter, 
when placed in the scale-pan, than it should do, in con- 
sequence of the ascent of the heated air. For the 
larger weights a wooden fork or tongs, according to the 
form of the weight, should be employed ; and for the 
smaller, a pair of forceps made of copper will be jfouad 
the most convenient; this metal possessing sufficient 
elasticity to open the forceps on their being released 
from pressure, and yet not opposing a ^sistance sufficient 
to interfere with that delicacy of touch which is desirar 
ble in such operations. 

0/ Weights. 
It must be obvious, that the excellence of the balance 
would be of little use, unless the weights employed 
were equally to be depended upon. The weights may 
either be accurately adjusted, or the difference between 
each weight and the standard may be detehnined, and, 
consequently, its true value ascertained. It has been 
already shown how the latter may be effected, in the 
instructions which have been given for comparing two 
weights together ; and we shall now show the readiest 
mode of adjusting weights to an exact equality with, a 
given standard. 

t2 



8M THE XLEMXirVS OF mCHARICi. CHAP. XXI. 

The material of the weight xaay be either brass (ht 
platina, and its form may be cylindrical : the diameter 
being nearly twice the height A small spherical knob 
is screwed into the centre, a space being left under the 
screw to receive the portions of fine wire used in 
the adjustment. It will be convenient to f >na a cavity 
in the bottom of each weight to receive the knob of the 
weight upon which it may be placed. 

Each weight is now to be compared with the stand- 
ard, and should it be too heavy, it is to be reduced till 
it becomes in a very small degree too light, when the 
amount of the deficiency is to be carefully determined. 

Some very fine silver wire is now to be taken, and 
the weight of three or four feet of it ascertained. From 
this it will be known what length of the wire is equal to 
the error of the weight to be adjusted ; and this length 
being cut off is to be enclosed under the screw. To 
guard against any possible error, it will be advisable 
before the screw. is firmly fixed in its place, again to 
compare the weight with the standard. 

The most approved method of making weights ex- 
pressing the decimal parts of a grain, is to determine, 
as before, with great care, the weight of a certain length 
of fine wire, and then to cut off such portions as are 
equal to the weights required. 

Before we conclude this article we shall give a 
description^ from the Annals of Philosophy for 1825, 
of ^a very sensible balance," used by the late Dr. 
Black: — 

" A thin piece of fir wood, not thicker than a shilling, 
and a foot long, three tenths of an inch broad in the 
middle, and one tenth and a half at each end, is divided 
by transverse lines into twenty parts ; that is, ten parts 
on each side of the middle. These are the principal 
divisions, and each of them is subdivided into halves and 



qoKHieitf • Aet<m the niddle r» fixed one of the malt* 
entneeAes I coidd piDcnre, to serve ae an axisy and it ie 
fixed in it* pkce by metad of a little sealing wax* l%e 
oamerstion of the divisioni is from the middle to eaefc 
esl of the heaau The fnlcntm is a bit of plate brase, 
the middle of which lies iat on my tid>Ie when I ose the 
baianee^ and the tveo ends are bent tip to a right angle 
ee as to itaad tipright* These two eode are ground act 
tke eaaae time on a fiat hone, thai the extreme tui6ices 
of them may be in tfhe sajgae plane ; and their distance ie 
such ithat the neecDe^ when kid across them, rests on 
them at a smaiT distance irom the sides of the beaoo. 
They rise above the surface of the table only one tentk 
aad a half or two tenths ef an inch, so that the beam ie 
vfezy limatedisits yiay. See fig, ISO. 

^ The weights E use ase one globule of geM, whiok 
we^^-one ghmvitfld two oe tfaitte ethers which weigh 
ohe^itatli ttf n gnaa each; and also a nranher of small 
rings of fine brass wire, made m the meiiaBx Itzst wmh- 
taoned by Mk Ij3wi% by Appending & Iveigikt te Ifie 
wiR^ and ^M»fing it wi^ the tetssitm of tint weight 
romiid m tfaieher hnuK wire in a cloee spivai, after which, 
the extt«mity of the spisal being tied hard with waaeed 
thvead, I put the covered wire into a^ioe» mad i^ipdying 
a sharp knife, which is struck with a hammer, I cut 
through a grent number of the coils a£ caie stroke, and 
find them ae eifttetly equel to one another as can be de- 
sired. Those I use happen to be the -^^ part of a graift 
eaeh, or 800 of them weigb Ikes grains ; but I have oth- 
ers mueh lighter. 

** Yeu wiD peteeive that by means of Uiese weights 
plaeed en different parts of the beam, I can learn the 
weight o€ any littte mass from one grain^ or a listtle more^ 
to the j^^^ of a graitL fVMr if the fhiog te he wmghed 
weig]»OBegiaffi,ltwfll,wfaen jdaced con one extremity > 
t3 
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of the beaiD) counterpoise the large gold weight at the 
other extremity. If it weighs half a grain, it will coun- 
terpoise the heavy gold weight jdaced at 5. If it 
weigh yL of a grain, you nmst place the heavy gold 
weight at 5, and one of the lighter ones at the extremity 
to counterpois it, and if it weighs only one xa two, or three 
or four hundredths, of a graio, it will be counterpoised by 
one of the small gold weights' placed at the first or sec- 
end, or third or fourth division. I^ on the contrary, it 
weighs one grain and a fraction, it wiH be counterpoised 
by the heavy gold weight at the extremity, and one or 
more of theiigltter^nes placed in some other part of the 
beam: 

*'This ibeam has served me hitheilo for every pur- 
pose ; but had I occasion for a more delicate one, I 
could make it easily by taking u much thinner and lighter 
dip of wood, and gnndiag the needle to give it an edge. 
It would also be easy to ma^ it carry small scales of 
paper for particular purposes." 

The writer of this article has used a balance of this 
kind, md finds that it is sensible to y^V^j- of a grain 
when loaded with ten grains. It is necessary, however, 
where accuracy" is required, to employ a scale-pan. 
This may be made ci thin card paper, shaped as in 

jg.m. 

A thread is to be passed through the two ends, by 
tightening which they may be brought near each 
other. 

The most convenient weights for this beam appear to 
1)0'^ two of one grain each, and one of one tenth of a 
grain. They should be made of straight wire ; aaid if 
the beam be notched at the divisions, they may be 
lodged in these nx>tches very conveniently. Ten divi- 
sions on each side of the middle will be sufficient. The 
^weight of the scale^pan must "first be carefiiUy ascer- 
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tained, in order that it may be deducted from the weight, 
afterwards determined, of the scale-pan and the sub- 
stance it may contain. 

If the scale-pan be placed at the tenth division of the 
beam, it is evident that by means of the two grain 
weights, a greater weight cannot be determined than 
one grain and nine tenths ; but if the scale-pan be 
placed at any other division of the beam, the resulting 
apparent weight must be increased by multiplying it by 
ten, and dividing by the number of the division at which 
the scale-pan is placed ; and in this manner it va evident 
that if the scale-pan be placed at the division numbered 
1, a weight amounting to nineteen grains may be deter- 
mined. 

-We halve been tempted to describe this little appara- 
tus, because it is extremely simple in its construction, 
may be easily made, and may be very usefully employed 
on many occasions where extreme accuracy is not ne- 
cessary. 

DescriptUm.^ ihe Steekfcard. 

The steelyard is a lever, having unequal arms; knd 
in its most simple form it is so arranged, that one weight 
ah>ne serves to determine a great variety of others, by 
alidkig it along the longer arm of the lever, and thus 
nrarying its distance from the fulcrum. 

It has been demonstrated, Chapter XIII., that in the 
lever the proportion of the power to the weight will be 
always the same as that of their distances from the ful- 
crum, taken in a reverse order; consequently, when a 
constant weight is used, and an equilibrium established 
by sli^ng this weight on the' longer arm of the lever, 
'iie relative weight* of the substance weighed, to the 
constant weight, will be in the same proportion aa the 
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distance of the constant weight firam the Mcxom is ta 
ibe length of the shorter arm. 

Thus suppose the length of the ahcxrter arm, or tfao 
distance of the iiilcrmn from the point from which the 
weight to he determined is suspended, to be one ioch; 
let the longer arm of the lever be divided into part* of 
one inch each, beginning at the fiilcrnm. Now4et the 
constant weight be equal to one pound, and let the 
steelyard be so constructed that the shorter aimahall 
be sufficiently heavy to counterpoise the longer when 
the bar is unloaded. Then suppose a subatsacOt the 
weight of which is five pounds, to be sospended finovi 
the shorter arm. It will be found that when the coi^ 
stant weight is placed at the distance of five inches from 
the fulcrum, the weights wiU be in equilibiiunit and 
the bar consequently horizontaL In this steel/ardf 
therefore, the distance of each inch from the fulcrum 
indicates a weight of one pound. AninstTmnent of thia 
form was used by the Romans, and it is usually de- 
scribed as the Roman stateraor steelyard. A represen- 
tation of it is given at/g; 199. 

7be steelyard is in very general use for the coaioer 
purposes of commerce, but constructed differently from 
that which we have described. The beam with the 
acales or hooks is seldom in equilibmm upon the poiqt 
P, when the weight P is removed ; but the longer aoga 
usually prep<Hiderates, and the commencement of the 
graduations, therefore, is not at F, but at some point 
between B and F. The common steelyard, which we 
have represented at/g. 19^ is usually furnished with 
two points, from either of which^ the substancOt ihfi 
weight of which is to be determined^ may be 8U8|^Qde4* 
The value of the divisions is in this ease increased in 
.proportion 93 the length of the shorter an^ ia^ do* 
creased. Thus, in the tteelyavd w^h we have de« 
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geifted, if th^ie be t second point of suspension at 
the distance of half an « inch from the fulcrum, each 
division of the longer aim will indicate two pounds 
instead of one, and these divisions are usually marked 
upon the opposite edge of the steelyard, which is made 
to turn over. 

This instrument is very convenient, because it requires 
but one weight ; and the pressure on the fulcrum is less 
than in the balance, when the substance to be weighed 
is heavier than the constant weight. But, on the con* 
trary, when the constant^ weight exceeds the substance 
to be weighed, the jwesgure on the fulcrum is greater in 
the steelyard than in the balance, and the balance is, 
therefore, preferable in determining small weights.. 
There is also an advantage in the balance, because the 
siibdivision of weights tan be effected with a greater 
degree of precision than the subdivision of the arm of^ 
^ the steelyard. 

C. PavTs Stedyard. 

A steelyard has b^en .constructed by Mr. C. Paol^ 
iiiipector of weights and measures at Geneva, which is. 
much to be preferred to that in common use. Mr. C* 
Paul states, that steelyards have two advantages over 
balances: 1. That their axis of 8Uspensioni» not loaded 
with any other weight than that of the merchandise^ 
tlie constant weight of the apparatus itself excepted ; 
while the axis of the balance, besides the weight of the 
instrument, sustains a weight double to that of the 
merchandise. % The use of the balance requires a 
considerable assortment of weights, which causes a. 
proportional increase in the price of the apparatus, in* 
dependently of the. chances of error which it multiplies 
aad of the time employed in producing an equilibriuou 

1* In C« Paul's steflyard tlbe centres of the move*^ 



ment oT SHspenaioii, or ^die two toUiiaiit 4B6iitr«B, •» 
jiSaced <« llie «xact lifie of the ^vklonfl of tlH» beuii; 
an ^«Tation tdmost imperceptible in the vds ^ tiie 
beam, destiBed to compensate for the vety ri^ht fiexkn 
'<^ the bar, alone excepted.-^ 

2. The apparatus, by the construction of the Ibettn, 
is balanced below its centre of motion, so that when no 
weight is suspended, the beam natin^y remains hmeon- 
tAi, and resumes that position whien removed fhim it, as 
also when the steelyard is loaded, and the weight is at 
the division which ought to sliow how nmch the mtfr- 
xihandise weighs. ' l^e horizontal sitnation in this steel- 
yard, as well as in the o&ers, is known by meatxd tif the 
tongne, which rises veitteally above fhe axis of sos^ 
pension. 

3. It may be 4iseoveped, tot the steelyard is de-« 
ranged if, w4ten not loaded, the beam doe9 n^ HBtfWlei 
horizgntal. 

4. The advantage of a great and a small side (which 
in the other augments the extent of their power of 
weighing) is supq^ied by a ir^^ry inmi^ pVOcesSi which 
accomplishes the same end with some jfedditionii ikA* 
vantages. This ^nocess is to employ on the same dh^ 
aon different weights. The numbers of the divisions on 
the bar point out t^e degree of heaviness expressed Iry 
,the corresponding weights. For exfltfnpfte^ wliMI ^h» 
large weight <^ the large steelyard wo^ffas 16 )bs«, each 
division it passes over on ^the bar is oqoivakBt to a 
pound ; the small weight, weighidg nxteen times less 
than the large one, will represent on each of tiiese 
divisions the sixteentli part of a, pound, or one ounce ; 
and the opposite face of the bar is marked by pounds ac 
each sixteenth division. In this oonstmetien, 1iherefoi«e, 
we have the advaaitage of being able,hy ^nploying bolii 
weights at oxioQ,tea«c«rtainy for exan^le, almoat witltta 
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tLD. ounce, the weight of 50O poonda of merchandise. 
It will be sufficient to add what is indicated by the smaU 
weight in ounces, to thai of the large one in pounds,, 
after an equilibrium has been obtained by the position of 
the two weights, viz. the large one placed at the next 
pound below its real weight, and the small one at the 
division which detennines the number of ounces to be 
added. 

5. As the beam is graduated only on one edge, it 
may have the form of a thin bar, which renders it much 
less susceptible of being bent by the action of the 
weight, and affords room for making the figures more 
visible on both the faces. 

6. In these steelyards the disposition of the axes is 
not only such that the beam represents a mathematical ' 
lever without weight, but in the principle of its division, 
the interval between every two divisions is a determined 
and aliquot part of the distance between the two fixed 
points of suspension ; and each of the two weights 'Em- 
ployed has for its absolute weight the unity of the 
weight it represents, multiplied by the number of the 
divisions contained in the interval between the two cen- 
tres of motion. 

Thus, supposing the arms of the steelyard divided in 
such a manner that ten divisions are exacdy contained 
in the distance between the two constant centres of mo- 
tion, a weight to express the pounds on each division 
of the beani must really weigh ten pounds ; that to point 
out the ounces on the same divisions must weigh ten 
ounces, &c. So that the same steelyard may be adapt- 
ed to any system of measures whatever, and in particu- 
lar to the decimal system, by varying the absolute 
heaviness of the weights, and their relation with eadi 
other. 
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But to trace oat in a few words, the advantages of 
the steelyards constructed by C. Paul for commercial 
purposes, we shall only observe, — 

1. That the buyer and seller are certain of the correctr 
ness of the instrument, if the beam remains horizontal 
when it is unloaded and in its usual position. 2. That 
these steelyards have one suspension less than the old 
ones, and are so much more simple. 3. That by these 
means we obtain, with the greatest facility, by employ- 
ing two weights, the exact weight of merchandise, with 
all the approximation that can be desired, and even with 
a greater precision than that given by common baiancea 
There are few of these which, when loaded with 500 
pounds at each end, give decided indication of an ounce 
variation ; and the steelyards of C. Paul possess that 
advantage, and cost one half less than balances of equal 
dominion. 4. In the last place, we may verify at plea- 
sure the justness of the weights, by the transpositicm 
which their ratio to each other will permit ; for example, 
hj observing whether, when the weight of one pound 
is brought back one division, and the weight of one 
ounce carried forward sixteen divisions, the equilibrium 
fitiU remains. 

It is on this simple and advantageous principle that 
C. Paul has constructed his universal steelyard. It 
serves for weighing in the usual manner, and according 
to any system of weights, all ponderable bodies to the 
precision of half a grain in the weight of a hundred 
ounces ; that is to say, of a ten-thousandth par^ It is 
employed, besides, for ascertaining the specific gravity 
of solids, of liquids, and of air, by processes extremely 
simple, and which do not require myany subdivisions in 
the weights. 

We think the description above given will be suffi- 
ciently intelligible without a representation of this instni- 
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ment. An account of its application to the deteraiina* 
tion of specific gravities will be found in vol. iii. of the 
Philosophical Magazine. 

TJu Chinese SUdyard, 

This instrument is used in China and the East Indies 
for weighing gems, precious metals, &,c. Xhe beam 
is a small rod of ivory, about a foot in length. Upon 
this axe three lines of divisions, marked by fine silver 
studs, all beginning firom the end of the beam whence 
the first is exteitded S inches, the second 64, and the 
third 8^. The first is European weight, and the other 
two. Chinese. At the other end of the beam hangs 
a round scale, and at three several distances from this 
end are holes, through which pass so many fine strings, 
serving as different poiats of suspension. The first dis- 
tance makes 1| inches, the second 3}, or double the 
former, and the third 4f , or tripple the same. The in- 
strument when used, is held by one of the strings, and 
a sealed weight of about 1| oz. troy, is slid upon the 
beam until a equilibrium is produced ; the weight of the 
body is then indicated by the graduated scale above 
mentioned. 

The Banish Balance. 

The Danish balance is a straight bar or lever having 
a heavy weight fixed to one end, and a hook or scale- 
pan to receive the substance, the weight of which is to 
be determined, suspended from the other end. The ful- 
crum is movable, and is made to slide upon the bar, 
till the beam rests in a horizontal position, when the 
place of the fulcrum indicates the weight required. In 
order to construct a balance of this kind, let the distance 
of the centre of gravity from that point to which the 
Bubstance to be weighed is sospended be found by ex- 
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periment, when the beam is unloaded. Multiply this 
dififtance by the weight of the whole apparatus, and di- 
vide the product by the weight of 'the apparatus in- 
creased by the weight of the body. This will give the 
distance from the point of suspension, at which the ful- 
crum being placed, the whole will be in equilibrio : for 
example, supposing the distance of the centre of gravity 
from the point of suspension to be 10 inches, and the 
weight of the whole apparatus to be ten pounds ; sup- 
pose, also, it were required to mark the divisions which 
should indicate weights <^one, two, or three pounds, &c. 
first, for the place of the division indicating one pound 

we have -— — = --— — = 9tt inches, the place of 
10 4-1 lO-f-i *' ' ^ 

the division marking one pound. For two pounds we 

100 
have - = 8 J inches, the place of the division indi- 

Iv 4" ** 

100 
eating two prounds ; and for thiee pounds -___ = 7^ 

10 ^- 3 

inches for the place of the division indicating three 
pounds, and so on. 

This balance is subject to the inconvenience of the 
division becoming much shorter as the weight increases. 
The distance between the divisions indicating one and 
two pounds being, in the example we have given, about 
seven tenths of an inch, whilst that between 20 and 21 
pounds is only one tenth of an inch ; consequently a 
very small error in the place of the divisions indicating 
the larger weights would occasion very inaccurate re-» 
suits. The Danish balance is represented at Jig, 194. 

Tht Bent Lever Balance, 

This instrument is represented at Jig. 195. The 
weight at C, is fixed at the end of the bent lever 
ABC, which is supported by its axis B on the pillar 
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I H. A settle-pan E is suspended from the other end of 
the lev«r at A. Through the centre of motion B draw 
the horizontal line K B G, tipon which, from A and C, 
let fall the perpendiculars A K and C D. Then if B K 
and B D are reciprocally proportional to the weights at 
A and C,they will be in equilibrio, but if not, the weight 
C will move upwards or downwards along the arc F G 
till that ratio is obtained. If the lever be so bent that 
when A coincides with the line ,G K, comcides with 
the vertical BH, then as C moves from F to G, its mo- 
mentum will increase while that of the weight in the 
scale-pan E will decrease. Hence the weight in E, cor- 
responding to different positions of the balance, may be 
expressed on the graduajted arc F G. 

Brady^s Balance, or Jfeighing Apparatus. 

This partakes of tiie properties both of the bent lever 
balance and of the steelyard. It is represented at 
fig, 196. A B C is a frame of cast iron having a great 
part of its weight towards A. F is a fulcrum, and 
£* a movable suspender, having a scale and hook at its 
lower extremity. E K G are three distinct places, to 
which the suspender E may be applied, and to which 
belong respectively the three graduated scales of divi- 
sion expressing weights, /C, c d, and a b. When the 
scale and suspender are appiied at G, the apparatus is in 
equilibrio, with the edge A B horizontal, and the suspend- 
er cuts the zero on the scale a b. Now, any substance, 
the weight of which is to be ascertained, being put into 
the scale, the whole apparatus turns about F, and the 
part towards B descends till the equilibrium is again 
established, when the weigh of the body is read off from 
the scale a 6, which registers to ounces and extends to 
two pounds. If the weight of the body exceed two 
pounds, and be less than eleven. pounds, the suspender 
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Is plftced 4t K; aad wlien the scale is empty, the nmnber 
9 is ifound to the right of the index of the suspendsT. 
If now weights exceeding two pounds be placed in the 
scale, the whole again turns about F, and the weight of 
the body is shown on the g^uated arc cd^ whioh 
extends to eleven pounds, and' registers to every two 
ounces. 

If the weight of the body exceed eleven pounds, the 
suspender is hung on at E, and the weights are ascer- 
tained in the same manner on the scale /C to thirty 
pounds, the subdivisions being on this scale quarters of 
pounds. The same principles would obviously apply to 
weights greater or less than the above. To prevent 
mistake, the three points of support G, K, £, are num- 
bered 1,2,3} and the corresponding arcs are respect- 
ively numbered in the same manner. When the hook ' 
is used instead of the scale, the latter is turned upwards, 
there being a joint at m for that purpose. 

71ie Weighing McLchine/or Tun^pUct Roads. 

This machine is for the purpose of ascertaining the 
weight of heavy bodies, such as wheel carriages. It 
consists of a wooden platform placed over a pit made 
in the line of the road, and which contains the machine- 
ry. The pit is walled withinside, and the platform is 
fitted to the walls of the pit, but without touching them, 
and it is therefore at liberty to move freely up and down. 
The platfonn is supported by levers placed beneath it^ 
and is exactly level with the surface of the road, so that 
a carriage is easily drawn on it, the wheels being upon 
the platform whilst the horses are upon the solid grotmd 
beyond it. The construction of this maehme will be 
readily imderstood by reference to j^. 197., in which 
the pktform is supposed to be transparent sa as to allow 
fiC tlio lewn hting Hen Mow it. 
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A, B, C, D, represent four levers tending towards the 
centre of the platform, and each movable on its iidcnuD 
at A, B, C, D ; the fulcrum of each rests upon a piece 
securely fixed in the corner of the pit. The platform is 
supported upon the cross pins a, 6, c, <£, by means of 
pieces of iron which project from it near its comers, and 
which are represented in the plate by the short dark 
Jines crossing the pins a, ft, c, d. The four levers are 
connected under the centre of the platform, but not so 
as to prevent their free motion, and are supported by a 
long lever at the point F, the fulcrum of which rests 
upon a piece of masonry at E : the end of this last lever 
passes below tiie surface of the road into the turnpike 
house, and is there attached to one arm of a balance, or, 
as in Salmon's patent weighing machine, to a strap 
- passing round a cylinder which winds up a fflnaJl weight 
round a spiral, and indicates, by means of an index, the 
weight placed upon the platform. 

Suppose the distance from A to F to be ten times as 
great as that from A to a, then a force of one pound 
applied beneath F would balance ten pounds applied at 
a, or upon the platform. Again; let the distance &om 
E to G be also ten times greater than the distance from 
the fulcrum E to F ; then a force of one pound applied 
to raise up the end of the lever 6 would counterpoise a 
weight of ten pounds placed upon F. Now, as we gain 
ten times the power by the first levers, and ten times 
more by the lever £ 6, it follows, that a force of one 
pound tending to elevate G, would balance 100 lbs. 
placed on the platform ; so that if the end of the lever 
O be attached to one arm of a balance, a weight of 
10 lbs. placed in a scale suspended from the other arm, 
will express the value of 1000 lbs. placed upon the 
l^atform. The levers are counterpoised, when the plat- 
form is not loaded, by a weight H applied to the end of 
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the last lever, contimied beyond the fulcntm for that 
purpose. 

Of Instruments for weighing hy mean^ of a S^ng. 

The spring is well adapted to the construction of a 
weighing machine, from the property it possesses oi 
yielding in proportion to the force impressed, and con- 
sequently giving a scale of equal parts for equal addi- 
tions of weight. It is liable, however, to suffer iejuiy, 
unless the steel of which it is composed be very well 
tempered, from a want of perfect elasticity, and, conse- 
quently, from not returning to its original place after it 
has been forcibly compressed. This, however, must be 
considered to arise, in a great measure, from imperfec- 
tion of workmanship, or of the material employed, or to 
its having been subjected to too great a force. 

Hie Spring Steelyard, 

The little instrument known by this name is in very 
general use, and is particularly convenient where great 
accuracy is not necessary, as a spring, which will ascer- 
tain weights from one pound to fifty, is contained in a 
cylinder only 4 inches long and | inch diameter. 

This instrument is represented at fig. 198. It con- 
sists of a tube of iron, of the dimensions just stated, 
closed at the bottom, to which is attached an iron hook 
for supporting the substance to be weighed ; a rod of 
iron a 6, four tenths of an inch wide and one tenth thick, 
is firmly fixed in the circular plate c dy which slides 
smoothly in the iron tube. 

A strong steel spring is also fastened to this plate, and 
passed round the rod a b without touching it, and with- 
out coming in contact with the interior of the cylindrical 
tube. The tube is closed at the top by a circular piece 
of iron through which the piece a b passes. 
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Upon the face of a & the veight is expressed by di- 
Tisions, each of which indicates one pound, and ^ye of 
such divisions in the instrument now before us occupy 
two tenths of aa inch. The divisioas, notwithstanding, 
are of sufficient size to enable them to be subdivided by 
the eye. 

To use this instrument, the substance to be weighed 
is suspended by the hook, the instrument being held by 
a ring passing through the rod at the other end. The 
spring then suffers a compression proportionate to the 
weight, and the number of pounds is indicated by the 
division on the rod which is cut by the top of the cylin* 
drical tube. 

SaiUer^s Improved Spring Balance. 

A very neat form of the instrument last described has 
been recently brought before the public by Mr. Salter, 
under the name of the Improved Spring Balance. It 
is represented at^. Id9. The spring is contained in 
tile upper half of a cylinder behind the brass plate 
forming the face of the instrument ; and the rod is fixed 
to the lower extremity of the spring, which is conse- 
quently extended, instead of being compressed, by the 
application of the weight The divisions, each indi- 
cating half a pound, are engraved upon the face of the 
brass plate, and are pointed out by an index attached to 
the rod. 

Marriotts Patent Dial Weighing Machine. 

The exterior of this instrument ia represented at 
Jig. 200;, and the interior at Jig. 201. A B C is a shallow 
brass box, having a solid piece as represented at A, to 
which the spring D E F is firmly fixed by a nut at D. 
The other end of the spring at F is pinned to the brass 
piece G H, to the part of which at 6 is also fixed the 
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iKHn ricked plate I. A screw L serves as « stJop to 
kebp this rack in 'tta place. The teeth of the rack fit 
into those of the pinion M, the axis of which palsses 
through the centre o€ the dial-f^ate, and canies an 
index which points out the weight The brass piece 
G H is merely a plate where it passes over the springs 
and the tail piece H, to which the weight is suspended, 
passes through an opening in the side of the box. 

Of ihe Dynamomder. 

This is an important instrument in mechanics, calca- 
lated to measure the muscular strength exerted by men 
and animals. It consists essentially of a spring steel- 
yard, such as that we first described. This is some- 
times employed alone, and sometimes in combination 
with various levers, which allow of the spring b^ng 
made more delicate, and consecpientiiy increase the eat- 
tent of the divisions indicating the weight. 

The first instrument of this kind aj^ars to have been- 
invented by Mr. Graham, but it was too bulky and incon- 
venient for usei.< M. le Roy^ made one of a laore 
simple construction. It consisted of a metal tube, abovt 
a fi)Ot long, piaeed vertically upon a stand, and contain- 
ing in the inside a spiral spring, having above it a grad« 
nwted rod teramnating in a globe. This rod entered. the 
tube more or less in proportion to tlie foipce apf^ed 
to the globe, and the divisions indicated the quantity 
of this force. Therefore, when a man pressed upon 
the globe with all his strength, the divisions upon the 
rod showed the number of pounds weight to which it 
was equal. 

An instrument of this kind. for determining the fi»ce 
of a blow struck by a man with his fist was lately ex- 
hibited at the Natbnal Repository. It was fixed to a 
w^i^from* whieh it pvojected horizontaJly. In pkkce of 



the i^obe tere was s cudBott to receive the bloir, and 
aj» the saddenneKi with wUch the epring returned ren* 
der^d it impossible to read the division upon the rod, 
ajsottor rod akqiiarly divided was forced in by the plate 
fimatng tbediaaiB of the eusfaion, and renuii&ed station' 
aiywhen the spring returned. The common sptfing 
steeiyard, however, which, we first described, ia in prin* 
ciple the same aaM. le Roy^Ei dynamometer, and is much 
more conveniently constructed for the purpose we are 
considering. The ring at one end may be fixed to an 
immovable object, and the hook at the other attached 
to a Ulan, or to an animal, and the extent to which the 
graduated rod is drawn out of the cylinder shows at 
once thedforce which is applied^ Though this is perhaps 
the best^ and certainly the most cnnple dynamometer, 
others have been contrived, which are, however, but 
modifications (^the spring steelyard. One of these ia 
represented at j^. 902. The spiral spring acts in the? 
manner before described, but its divisions are increased 
is size, and therefore rendered more, perceptible by 
means of a rack fixed to the plate, acting against the 
sfmni spring, the teeth of which move a pinion upon 
which the aim I is fixed, pointing to the graduated are K. 

Another dynamometer has been invented by Mr. Sal- 
mon ; it is represented at fig, 903., and is a combination 
oi levers with the spring. By means of these levers a 
modi more delicate spring, and which is therefore more 
senfiible, may be employed than in the dynamometer last 
described. 

The manner in which these leverd and spring act wiU 
be readily understood by an inspection of the figm«, 
tike ifce- weighing machine for carriages, the fiiknutt of 
each lever ie at one end, and the force is diminished ui 
p<esing( to the spring) in the rado of the length, of its 
ffrms. fh6 8t»rixtfir BiovQs a j^taion b]r meana of ft'ittttfa^ 
ii9 
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upon which piaion a hand is placed, indicating by divis- 
ions upon a circular dial-plate the amenint of the fotoe 
employed. 

The spting used in this machine is caloidsted to 
weigh only about 50 lbs. instead of about .15 cwt., as m 
the last described ; but by means of the levers which in- 
tervene between it and the force applied, it will serve to 
estimate a force equal to 6 cwt, and might obviously be 
made to go to a much greater extent, by varying the ra- 
tio of the length of the arms of ihe levers. 

ON COMPENSATION PENDULTJM9. 

{3QKk) It is said of GalUeo that, when very young, he 
observed a lamp suspended from the roof of a church at 
Pis^ swinging backwards and forwards with a pendu- 
lous motion. This, if it had been remarked at all by an 
uneducated mind, would, most probably, have been 
passed by as a common occurrence, unworthy of the 
slightest notice ; but to the mind imbued with science 
no incident is insignificant ; and a circumstance appar- 
ently the most trivial, when subjected to the giant force 
of expanded intellect, may become of immense impor* 
tance to the improvement and' to the well-being of roan. 
The faU of an apple, it is said, suggested to Newton the 
theory of gravitation, and his powerful mind speedily 
extended to all creation that great law which brings an 
apple to the ground. The swinging oi a lamp in a 
church at Pisa, viewed by the piercing intellect of Ga* 
lUeo, gave rise to an instrument which affords the most 
perfect measure of time, which serves to determine the 
figure of the e^urth, ^d which is inseparably connected 
with all the refinements of modern as^onomy. 

The properties of the pendulum, and the manner in 
whi^h it serves to measure time, haye been fully qx- 



pbaed ilk Cfai|iter XL; sad if a BBbstaaca eoM be 
found nut smccpt&le of any cbange in its dimeamns 
ftom « ckange of temperature, Bothin^ more would be 
flieoeisary, as the centre of osdUation would always 
xemam j[t the same distance itom. the poiBt of enspeB- ' 
)iioB* As eveiy known substance, howevei^ exinnds with 
heat, and contracts with cold, the length of the pendnton 
"Win tUQT with eTeiy alterstion of tenqieFatuie, end thus 
tbe tisie of its vibiatioB will svffti a -corresponding 
QlwDgew The effect «f a difference of temperature of 
^SP^ or tluit whidi usually occurs b^ween winter and 
Mfeamor, wiouid occasion a ^oek fomished witii a pen- 
dulum having an iron rod to gain or lose sizseoonds la 
4iNfiity«-fiRir hotas. 

U liecaiaB ihmi highly important to discover amae 
weims of 6omite»acting this variatioB to winefa the 
lttgthi«fithe^eftduhimwas M^Ue, or, in other words, to 
^devise ^ «Hilliod by wtoch the centre of osciDation 
diould, under eveiy change of temperature, remain at 
ihA^sttoe distHBoe fiom the point of suspension: happi- 
.fy,'tiK diftvence in the rate of expcmaon of different 
metals presented a ready means of effecting this. 

CialiBiB, in fiie year 1715» made several experiments 
to ascertain the relative expansions of various metals, 
with a view «f availing himself of the difference of l^e 
expansions of two or more of them when opposed to 
each other, to construct a compensating pendulum. But 
the difference he found was so small, that he gave up 
all hope of being able to accomplish his object in that 
way. ♦Knowing, however, that mercury was much more 
affected by a given change of temperature than any 
other substance, he saw that if the mercury could be 
made to ascend while the rod of thd pendulum became 
longer^ and vice verady the centre of oscillation might 
always be kept at the same distance from the point of 
u3 



suspension. This idea happily ^Te birth to the meicn- 
lial pendulum, which is now in very ;general use. 

In the mean time, Graham's su^rgestion excited the 
ingenuity of Harrison, originally a carpenter at Barton 
in Lincolnshire, who, in 1726, produced li pendulum 
formed of parallel brass and steel rods, known by the 
name of the gridiron pendulum. 

In the mercunal pendulum, the bob ^r weight is the 
material affording the compensationf bat in the gridiron 
pendulum the object is attained by the greater expan- 
sion of -die brass rods, which raise the bob upwards 
towards the point of suspension as much as die steel 
rods,«longate downwards. 

In the present article, we shall describe such coo^iH 
«ation pendulums as appear to us likely to answer best in, 
practice ; and we trust we shall be able to simplify the 
subject so as to render a knowledge of mathematica 
in^the construction of this important instrument unnecefr^ 
sary. 

The following table contains the linear expansiett of 
Tarious substances in parts of their length, occasioned by 
a change of temperature amounting to one degree. We 
iave taken the liberty of extracting it from a very valu- 
able paper by F. Bailey, Esq., on the mercurial com- 
|)ensation pendulum, published in the Memoirs of the 
Astronomical Society of London for 18!?4, 
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TABLE I. 

Ufnt&r Expansion of various Substances for One Degree 
of FahrmUuWs Thermomeier. 



SatwtaneM. 


Expauioiw. 


AoUion. 


WliitoDeal, . 5 


•0000022685 
•0000028444 


Captain Kater. 
Dr. Strove. 


English FUni CHaw, 


•0000047887 


DoUmg and Petit. 


Inm(ciwt). . . 1 


•0000061700 
•0000065668 


General Roy. 
Dulong and Petit. 


Iroa (wire), . . 


-0000068613 


Lavoisier and L. 


UopOw). . , . 


•0000069844 


Ilasslar. 


3teel(rod), . . 


•0000063596 


General Boy. 
fCommissioaers of 


Brass, 


•0000104400 


J Weights and Mea* 
1 aures •^Bkeanofsev- 
l^eral experiments. 


Lead, . , . . 


•0000159259 


Smeaton. 


Zinc, 


•0000163426 


Ditto. 


Zioc^ (baininered)« 


•0000172685 


Diiio. 


Merpury in Au/Jt,. 


•00010010 


Dulong and Petit. 



From this table it is easy to determine the length of 
a r^ of my subftaiice, the expansion of which shall be 
eqiial to thiU; of a roil of given length of any other sub* 
jpltanee. 

The lengths of such rods will be imnerscly profotiion* 
^$^ tp their e^cpensioos. If, therefbney we divide the 
li^per 9;fp9mon by the gyeiKter (Mtpposing du rod dia 
length pf winch is given to he isftde of the lesiBer ex* 
pawhte inatonid), 9M multiply the given length by thi» 
quotient, we shall have the r0q^ffed length of a rod, th« 
«iq^fP30ian of which will be equal to tinut of the nod |iiv- 
^ Wat MMSflOiir^Vhe eiiMiiiicp of a Md.of i 
u4 
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being, from the above table, *0000063596, and that of 
brass, •0000104400 ; if it were required to determine 
the length of a rod of brass which should expand as 
much as a rod of steel of 39 inches in length, we have 

= *6091, which, multiplied by 39, gives 23 75 



-0000104400 

inches for the length of brass required. 

We shall here, in order to facilitate calculation, give 
the ratio of the lengths of such substances as may be 
employed in the construction of compensation pendor 
lums. 

TABLE n. . . 



Steel rod and brass compensation, as 1 : . . 


. . WWl 


Iron wire rod and lead compensation, . . . 


. . . -4308 


Steel rod and lead compensatioD 


. . -3993 


Iron wire rod and zinc compensation, . . . 


... '9873 


Steel rod and zinc compensation, 


. . -3682 


Glass rod and lead compensation 


. . . -3007 


Glass rod and zinc compensation 


. . -2773 


Deal rod and lead compensation, .... 


. . . -1427 


Deal rod and zinc compensation, 


. . -1313 


Steel rod and mercurj in a steel cylinder, . • 


. .V . 0728 


Steel rod and mercury in a glass cylinder, . . 


. . 0703 


Glass rod and mercury in a glass cylinder, . . 


. . . -0629 



It is evident that in this table the decimals express 
the length of a rod of the compensating material, the 
expansion of which is equal to that of a pendulum rod 
' whose length is unity. 

As we are not aware of the existence of any work 
which contains instructions that might enable an artist 
or an amateur to make a compensation pendulum, we 
•hall endeavour to give such detailed information as may 
lir^e the subject from every difficulty. 

The pendulum of a clock is generally suspended by a 
0piiiigy£xed to ksiq^r extremity, and passiag'thfough 



a slit made in a piece which is called the cock of the pen- 
dulum. The point of suspension is, therefore, that part of 
the spring which meets the lower surface of the cock. 
ISow the distance of the centre of oscillation of the 
pendulum from this point may he varied in two ways ; 
the one by drawing up the spring through this slit, and 
the other by raising the bob of the pendulum. Either 
of these methods may be practised in the compensation 
pendulum, but the former is subject to objections from 
which the latter is exempt 

Suppose it were required to compensate a pendH- 
lum of 39 inches in length, of steel, by means of the ex- 
pansion of a brass rod. Here, refeiring to Jig* 204., 
we have S C 39 inches (which is to remain oonstant) 
of steel ; the pendulum spring, passing through the cock 
at S, is attached to another rod of steel, which is fixed 
to the cross piece R A at A. The other end of the cross 
piece at R is fastened to a brass rod, the lower extremity 
of which is fixed, to the cock of the pendulum at B. 
Now the brass rod B R must expand upwards, as mueh 
as the steel rod A C expands downwards ; and .the 
length of the brass must be such as tOLoffect this, leaving 
39 inches of the steel rod below the cock of the pen- 
dulum. 

Let us first try 80 inches of steeL Mult^lying this 
by -6091, we have 48-73 inches for the length of brass, 
which compensates 80 inches of steeL But as 48-73 
inches of the steel, equal in length to the brass, would 
in this case be above the cock of the pendulum, it 
would leave only 31-27 inches below it, instead of 39 
inches. 

Let us now try 100 inches of steel. This, multiplied 
as before by -6091, gives 60-91 inches, according to the 
expansions which we have used, for the length of the 
brass rod, aod leaver 39*09 inches below the cock of the 



From irhftt hiuA been 6aid we WKyfttcnit^ thatte 
tcytal length of the m&teiid of ^Itith tlie pendtiluitt rod 
Is composed mtist be ttlWAys eqtltd to the len^ of due 
pendulum added to the length of 'Oie i6(^m|>e&datioa. 

In this in^Utnoe tre have effected oitt object, by d«ttr- 
ittgthe ^Hdttliin^spting' tb>ottghi^ «yt; tPat nr^wil 
mow ^ow how the isame thMg may tie doiie t»y mc^tkig 
the bob of the pendulmn. At Jig, 905i, let 8 €^ «b» be- 
l^xre, be eqmd te 89 uioheit Lei the steel rdd fi D torn 
«tf at right atigled at I>, and let a tdd of touM B R, ef 
61 inched in len^lih^ ainend peipeniMctilatly fhMs iSnia 
^tfmm |4ei6($ 10 R. To the Mpp^ pKti o# the %MflB md 
ids. anoihei' ct^s ^^Hnsm R A, ta^A fhom tike ejfttea^ A 
l«t a (bteel itid descettdtoE) beif^nf if M !li the flattie 
im ftt<eacfae«€. Now thelolaIkttgtfitinite)iieeeel>f 
Meel e^itpanding downwards 'm eqnal U M^BF^wMd 
^ C (amoutoting tegetiier to 39 incbes), to whic4 tnMBt %e 
aMed a length of i»tei$l equal i» ^At dt the biaas led 
S % (61 inches)^ making together lOO incliM of srteel^ ag 
befbi^, the exp«dasioa of whieh di^wnwardB k eempeMa- 
ted by that of the brass red, of 61 inches ui length, 
expanding upwards. 

Thki form, however, is evidently inconveMent, ^nm 
the great length of brass and steel which is carried 
above the cock of the pendulum ; bcft it is the same 
thing whether the brass and steel be each in one piece, 
or divided into several, provided Ihe pieces of steel be 
all so arranged as to expand downwards, and those of 
brass upwards. Thus, at Jig. 206., the portions of steel 
expanding downwards are together equal, as bef<»e, to 
100 inches, and the two brass pieces expanding upwante 
a«-e together equal to 61 inches. Go that, in &ct, tlie 
two lout fonna €f eetapeasalion wMch we have described 
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difi^ in no respect frc«n each other in prineii^e, but only 
in the anangement of the material. The last ia the 
half of the giidiron pendulum, the remaining bars being 
Boerely duplicates of those we have described, and 
serving no other purpose hut to form a secure firame* 

W09l^ 

Harrison^a Gridiran Pendvlum, 

V 

Aftwr what has be^i said, little more is necessary than 
to give a representation <^ this pendulum. This is done 
at/tg. 2ffT^ in which the darker lines represent the ste^ 
rods, and the lighter those <^ hnm. The central rod is 
fixed at its lower extremity to the middle of the third 
eioss piece from the bottom, and ''passes freely through 
holes in the cross pieces which are above, whilst the oth- 
er rods are secured near their extremities to the cross 
pieces by pins passing through them. In order to render 
the whole more secure, the bars pass freely through 
hokess made in twor other cross pieces, the extremities ^ 
whh^are fixed to the exterior ste^ wires. As differ- 
eat kinds of the same metal vary- in their rate <^ 
expSEunon, the pendulum when finished may be found 
ifp€» trial to be not duly compensated. In this case 
one or more of the cross pieces is shifted higher or low- 
er upon the bars, and secured by pins passed through 
fresh holes. 

ThmghUm^a Tubular Pendtdum. 

This is an admirable modification of Harrison's grid- 
iron pendulum. It is represented at Jig» 208., where' it 
may be seen 4^at it has the appearance of a simple pen- 
dulum, as the whole compensation is concealed within 
a tube six tenths of an inch in cBameter. 

A steel wire, about one tenth of an inch in diameter, 
is fixed in the usual manner to the spring by which the 
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penditliim vs tmpeoie^ This wire passes to ttaa bottoxBi 
4^ an iirtQiior bnus tube, in the cenbre of whieh it iff 
Bnaly aciewred* The top of this tube is closed, the 
ateel rod pusing freely through a hole in the centvo. 
Into the top of this interior tube two steel wires, of one 
tenth of an inch in diameter, are screwed into bc^es 
made in that diameter, which is at right angles to the 
motion of the pendulum. These wires pass down the 
tube without touching either it or the central rod^ thnMgh 
holsB made in the piece^ which closes th« bottom of the 
interior tube. The lower extremities of these wite% 
which project a little beyiond the inner tobe, are secuselit 
fixed in a piece which closes- the bottom of an exteriof 
brass tube, which is of snch a diameter as just te allov 
the interior tube topassfreeljf through it, and of a snffi^- 
cient length to extend a little above it. The t<^ of the 
exterior tube is closed like that of the interior, having 
aiso a hole in its centxe, to allow the £z8t steel rod to 

8|Ss freely through it. Into the top of the exterior 
be, in that diamelier which coincides with the motian 
of the penduhun, a second pair of steel wires of the 
same diameter as the former are screwed, their distance 
from the central rod being equal to the distance of each 
&om the first pair. They consequently pass down within 
the interior tube, and through holes made in the pieces 
closing the lower ends of both the interior and exteri« 
tubes. The lower ends of these wires are fastened to 
a short cylindrical piece of brass of the same diameter 
as the exteri<»r-tube, to which the bob is suspended by 
1^ centre. 

Fig. 209. is a full sized section of the rod ; the three 
ooncentric circles represent the two tubes, and the rect*- 
angular position of the two pair of wires round the mid« 
cQe one is shown by the five small circles. 



J^. 310L 18 the psrt whkh closes the npper end of the 
interior tube. The two small circles are the two wires 
which proceed from it, and the three large circles show 
the holes through which the middle wire and the other 
pair of wires pass. 

JF^gr* 311. id the bottom of the interior tube. The 
small circle in the centre is where the central rod is 
fhstened to it, the othefs the holes for the other four 
wkes to pass tltf ongh. 

J^. 212« is the part which closes the top of the exter* 
nal tube. In the huge circle in the centre a small brass • 
tube is fiired, which serves as a coveiiag fbr the upper 
part of the middle wire, and the two small circles are to 
receive the wires of the last expansion. 

Fig^ 3ia represents the bottom of the extenkv tube, 
in which the small circles show the {daces where th» 
wms of the second expaimion are fastened, and tlw 
larger ones the holes for the other pair of wires to pass 
Hurongh. ^ 

IHg. 214. is a cylindrical piece of braes, showing the 
manner in which the lower ends of the wires of the last 
expansion are fastened to it, and the hole in the middle 
is that by which' it is pinned to the centre of the bob. 
The upper ends of the two pair of wires are, as we have 
observed, fastened by sclTewiiig them iiAo the pieces 
which stop up the ends of the tubes, but at the lower 
ends they are all fixed as rejMresented in Jig. 214. The 
pieces represented by Jigs, 213. and 214. have eax&h a 
jointed motion, by means of which the fellow wires of 
each pair would be equally stretched, although they 
were not exactly of the same length. 

The action of this pendulum is evidently the same av 
that of the gridiron pendulum, as we have three lengths 
of steel expanding downwards, and two of brass expand 
ing upwards. The weight of the penduliBnhav&tQi* 
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dency to straighten the steel rods, and the tuhular form 
ci the brass compensation effectually precludes the 
fear of its bending ; an . advantage not possessed by 
the ^diron pendulum, in which brass rods are en^ 
ployed. 

Mr. Troughton, to the account he has given of this 
pendulum in Nicholson's Journal, for December, 1804, 
has added the lengths of the different parts of which it 
was composed, and the expansions of brass and steel 
from ^hich these lengths were computed* The length 
of the interior tube was 31*9 inches, and that of the ex- 
terior one 33*8 inches, to which must be added 0*4, the 
quantity by which in this pendulum the centre of oscD- 
lation is higher than the centre of the bob. These are 
aH of brass. The parts which are of steel are, — the 
middle wire, which including 0*6, the length of the sus- 
pension spring, is 39*3 inches. The first pair of wires 
33*5 inches ; and the second pair, 33*3 inches. The , 
expansions used were for brass *00001666, and for steel 
n)0000661, in parts of their length for one degree of 
temperature* 

Bentenhtrg^s Pemdvlunu 

This pendulum is mentioned in Nicholson's Journal, 
for April, 1804, and is taken from Voigt's Magazin fhr 
den Neuesten Zustande der Naturkunde, vol. iv. p. 787. 
The compensation appears to have been effected by a 
single rod of lead in the centre, of about half an inch 
thick ; the descending rods were made of tho best thick 
iron wire. 

As this pendulum deserves attention fix)m the ease 

with which it may be made, and as others which have 

since been produced resemble it in principle, we have 

*^ given a representation of it at Ji^. 215., where AB C D 

«e two rods of iron wire riveted into the cross pieces 
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A C BD. E F i^a rod of lead pinned to the middle 
of the piece BD, and also at its upper extremity 
to the cross piece G H, into which the second pair of 
iron wires are fixed, which pass downwards freeljr 
through holes made in the cross piece B D. The lower 
extremities of these last iron wires are fastened into 
the piece K L, which carries the bob of the pendulum. 

To determine the length of lead necessary for the 
compensation, we must recollect, as before, that the 
distance from the point of suspension to the centre of 
the bob (speaking always of a pendulum intended to 
vibrate seconds) must be 39 inches. Let us suppose 
the total length of the iron wire to be 60 inches; 
then, from the table which we have given, we have 
•4308 for the length of a rod of lead, the expansion of 
which is equivalent to that of an iron rod whose length 
is unity. Multiplying 60 inches by *4308 we have 
25*84 inches of lead, which would compensate 60 
inches of iron } but this, taken from 60 inches, leaved 
only 34'16 instead of 39 inches. Trying again, in 
like manner, 68*5 inches of iron, we find 29*5 inches 
of lead for the length, affording an equivalent compen- 
sation, and which, taken from 68*5 inches, leaves 39 
inches. 

The length of the rod of lead then required as a 
compensation in this pendulum is about 29} inches. 

The #riter of this article would suggest another form 
for this pendulum, which has the advantage of greater 
simplicity of construction. 

S A, f^, 216., is a rod of iroti wire, to which the 
pendulum spring is attached. Upon this passes a cy- 
lindrical tube of lead, 29} inches long, which is either 
. pinned at its lower extremity to the end of « the iron rod 
S A, or rests upon a nut firmly screwed upon the ex- 
. tremity of this rod. 
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A tube of fiheet iron pasees over the tube of lead, and 
is fiimished at top with a Gauche, by which it is sap- 
ported upon the leaden tube ; or k may be fastened to 
the top of this tube in any mamier that may be tiionglit 
comrenient 

The bob of the pendulum may be either passed upon 
the iron tube (continued to a sufficient length) and 
secured by a pin passing through the centre of the bob, 
or the iron tube may be terminated by an iron wire serv- 
ing the same purpose. 

Here we have evidently the same expansions upwards 
and downwards as in the gridiron form, given to this 
pendulum by Mr. Benzenberg, joined to the compactness 
of Troughton*s tubular pendulum. 

Wdrffa CompemcUion Pmdvlum* 

In the year 1806^ Mr. Henry Ward, of Blandfoid in 
Dorsetshire, received the silver medal of the Society of 
Arts for the compensation pendulum which we are about 
to describe. 

lig. 817. is a side view of the pendulum rod wiien 
together. H H and 1 1 are two flat rods of iron aboat 
•an eightli of an inch thick. K K is a bar of suae 
placed between them, and is nearly a quarter of an inch 
thick. The comers of the iron bars are bevelled off, 
which gives them a much lighter appearance. These 
bars are kept together by means of three screws, O O O, 
which pass through oblong holes in the bars H H and 
K K, and screw into the rod I i. The bar H H is fasten- 
ed to iStie bar of zinc E K, by the screw m^ whidi is 
caUed the adjusting screw. This screw is tapped brto 
HH, and passes just through KK; but that part of 
the Bcrow which passes K K has its threads turned off 
The iron barl I has a shoulder at its upper ^id, and rests 
on the top of the zinc bar K K and is wfaoly suppoited 



•by it. There are several holes for the screw m,in order 
to adjust the compensation. 

The action of this pendulum is similar to that last de- 
scribed, the zinc expanding upwards as much as the iron 
rods elpand downwards, and consequently the distance 
Irom the point of suspension to the centre of oscillation 
remains the same. 

Mr. Ward 'states that the expansion of the ziAc ' he 
used (hammered zinc) was greater than that given in 
the tables. He found that the true length of the 
zinc bar should be about 23 inches : our computation 
woiild make it nearly 26. 

The CompenaaHon 7\ibe ofJulien k Bonf, 

We mention this merely to state that it is similar in 
principle to the apparatus represeilted at ^. 904., with 
merely this difference, that, instead, of the steel rod 
being fixed to a cross piece proceeding from the brass 
bar B R, it is attached to a ca{) fitted upon a brass tube 
( through which it passes) of the same length as that of 
the harass rod B R. Casslni spoke well of thilB pendu- 
lum, and it was i»se(ji in the obgervatoiy of Cluny about 
the year 1748. 

Jkparcieu3?8 Comptnaatwa, 

This was contrived in ihe same year as that invented 
by Julien le Roy» It is represented at Jig. 218., whfere 
ABDF is a steel bar, the ends of which are to be 
•fixed to the lower sides of- pieces forming a part of 
the cock of the pendulum. GBIH is of brass, lind 
'staiids with its extremities resting on the-hdrizontal pairt 
■ ie'D' of the st^el frame, ^he. upper part E t bf • the bra^ 
*frame passer above the cock of the pendulum, and aid- 
ikiits «4ire ' t^pfed wire K, to which the pendulum sptidg 
. is fixed through a iqtoaJed hdle fai' the middle.^* A nut 
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;ggpq]i tUls topped mn^ gire;! the j^jufitmeoJ; ibr time. 
The spring passes through the ^it m the «ock ia th« 
i^aiial maimer. 

It may he easily perceived that this pendulum 19 ia 
principle the ^ame a^i that of Le Roy ; the expansion 
of the total length of steel A B S C downwards halog 
compensated hy the equivalent expansion of the hrass 
hni G E Inwards. It is, however, preferable to Le 
^oy's, because the compensation is contained in the 
x?>ocl^jc9fle, 

Pepaxcieux tad previopdy published, in th^ year 1730^ 
an improvement of an imperfectly compensatuig pen- 
dulum, proposed in the year 1733 by Regnauld, a clock- 
maker <tf Chalons. Iti tliis pendulum Deparcieux 
/^pployed i levier with unequal arm^ to increase the 
;^|9Q3ct of th^ expaJOsion of tte hrass rpd, ^hich was too 
ifihprit, . . 

"Vye f|iay here remark, tliat aU fi;^ed pompens^^o^ 
^p lietle to the pame objection, namely, tjiat gf ^ 
p^os/ing witt the pendulum, and ther-^fore jjiot takii^ 
]^i?i9ij4Bly the^aopi^etempeFa^ViriBi,. , i 

Captmn ICkter^s €k)inpensatidii Pendtdum. •*''^' 

In Nicholson's Journal, for July, 1808, is the descrip- 
tion of a compensftlion pendulum by th« writer of this 
^f^:f^tei, .Im tWs. pendulum thp rod is of white deal, 
thriee quwiers of an inch wide, and a quarter of an inch 
.tjlick. It was placed in an oven, and suiFered to remain 
Iter^ for a long time ,until it became a little ph^rred* 
fTfee end^: were then soaked in m^§4'^^3li^"Wjp; §n4 
)^f^ mi^ Wmu cleajQed,. was ftoaled Reyer^ times wit}i 
^Qp^l vwHsh, :f?p the lowjejr extrewtty jQ^, J^p fpd ^ fpp 
.^ ferwg. Wf^, ^ly.iiqi:ed, from wjuplf . % stroj^g 6^«I 
Hi»fl^.j>rpp^fd for thj? Jpurpofip pf x^fUJ^^iipf. %e 
tpftni|ilujftfiw,^jnj§;ia^€i;»j|Uji,^i^ ^,,,, J 



A square tube of ^ne lv«M cAst, d^vcftt inched long tAi 
tbree (|u&rtera of ttn inch Bqwste ; ^le interlMl dimen- 
sions being four tenths of an inch, v The lower part of 
iSke pendulnm rod was cot away on the two sidos, 60 as 
fo slide with perfect freedom wfthitt the tube of z&ic. 
To the bottom of thi* iinc tnbe a piece of brass a quar- 
ter of an inch thick was soldered, in which a circnlar 
kole was made nearfy four tenths of an hich in diameter, 
Btaving s screw on the inside. A cylinder of xinc, fur- 
bished with a corresponding screw on its sntftice, fitted 
iiil6 tMs ftpertiwe, and a thin plate of brites screwed 
n^rf the c^liftder, is^erred as a clamp to prevent any 
}^»Ekk& after file length of iinc neeessary for compensa- 
ticflh should' hbr^e he^ dtetetnflAed. A hole? w^ made 
^hr^t^ i94e Axis of the' cylinder, throttgh which passed 
fbe" 8t^l sc^\iir termkiatii^ iihe^ |ife«dtddni rod 

A^ (fp^t^ -wm Ai«Kle ^firbdgh tbe bob of tSie penf- 
^taliAMy esttending t^ its cetitte, td admit the sqtrate tub^ 
of siitttf w&ieh was feed at its upper extremfty to thd 
^efltre of the bob. The pendnluitf rod passed tkrouglrf 
iiie bob< TlA iSie usual manttei^, and- the whole wtuf axift- 
p6tted by a niiC en . the steel sere^w at the e^etreikdty. 

In this form thtf cc^pensation acts immediately upon 
the centre of the bob, elevating it along the rod as 
much as the rod elongates downwards : the method of 
ealculating the length of the required compensation is 
precisely the seme as that we have before given. 

Assuming the length of the deal rod to be 43 inches, 
and multiplying this by 'ISIS from Table 11., we have 
5*64 inches for the length of the zinc necessary to coun- 
teract the expansion of the deal; The length of the 
steel screw bet\xeen the tennmation of the pendtdom 
ifod and the nut was two inches, and Ifiat of the suspeil- 
rion spi^rtg one inch. N«w, 3inche* of steel multiplied: 
by -3682 would give MO inches for tiie length of zinc 
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which would comp^psaie the steel, and,, adding thu to 
5*64 inche/iy we ht^e 6*74 inches for the whole length of 
sine required. 

In this pendulum, the length of the compensating part 
may be varied by means of the zinc cylinder furnished 
with a screw for that purpose. The bob of this pendu- 
luni and its compensation are represented at Jig, 219. 

It has been objected to the use of wooden pendiilom 
rods, that it is difficult, if not impossible, to secure them 
from the action of moisture, which would at once be 
fatal to their correct performance. The pendulum now 
before us has, however, been going with but Jittle in- 
termission since it was first constructed : it is attached 
to a sidereal clock, not of a superior description, and ex- 
posed to very considerable variations, of moisture and 
dryness ; yet the change in its r^ate has been bo veiy 
tTifling as to authorize the belief th^t moisture has little 
or no effect upon a wooden rod prepared in the manner 
we have described. Its rate, under different tempera- 
tures shows that it is over-compensated ; the length of 
the zinc remaining, as stated in Nicholson's Journal, 7*42 
inches, instead of which it appears, by pur present com- 
pensation, that it should be 6*78 inches. , 

ReifTs Compensation Pendulum. 

. Mr. Adam Reid of Woolwich presented to the Socie- 
ty of Arts, in 1809, a compensation pendulum, for which 
he was rewarded with fifteen guineas. This pendulum 
is the same in principle with that last described ; tbe 
rod, however, is of steel instead of wood, and the com- 
pensation possesses no means of adjustment. This pen- 
dulum is represented at Jig. 220., where S B isthe steel 
rod, a little thicket where it enters the bob C, and of a 
lozenge shape to prevent the. bob turning, but above 
and below it is cylipcjcical. 
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A tube of adBc D passes to the centre of the bob from 
below, and the bob is supported upon it by a piece 
Trhich crosses its centre, and which meets the npper end 
of the tube. 

The rod being passed through the bob and zinc tube, 
a nut is appUed upon a screw at the lower extremity of 
the rod in the usual manner. If the compensation 
should be too much, the zinc tube is to be shortened until 
it is correct 

The length of the zinc tube will be the same in this 
pendulum as in that of Mr. Ward — about 23 inches, 
if his experiments are to be relied upon. 

The objection to this pendulum appears to be its great 
length, which amounts to 63 inches. We conceive it 
would be preferable to 'place the zinc above the bob, 
as in the modification which we have suggested of 
Benzenberg's pendulum. 

EUkoWs Pendulum. 

It appears that the idea of combining the expansions 
of diiSn*ent metals with a lever, so as to form a com- 
pensation pendulum, originated with Mr. Graham: for 
Mr. Short, in the Philosophical Transactions for 1753, 
states that he was informed by Mr. Shelton, that Mr. 
Graham, in the year 1737, made a pendulum, consisting 
of three bars, one of steel between two of brass ; and 
that the steel bar acted upon a lever so as to raise the 
pendulum when lengthened by heat, and to let it down 
when shortened by cold. 

This pendulum, however, was found upon trial to 
move by jerks, and was therefore laid aside by the in- 
ventor to make way for the mercurial pendulum. 

Mr. Short also says that Mr. Fotheringham, a quaker 
of Lincolnshire, caused a pendulum to be made, in the 
year 1738 <Mr 1739, consisting of two bars, one of braM 
«3 
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and the other of steel, fiftened tc^ether by screws with 
leyera to nise or let down the bob, and that these lev* 
en were placed above the bob. 

Mr. John Ellicott of London had made very accurate 
ezperhnents on the relative expanmons of seven different 
metab, which, however, will be found to differ more or 
less from the results of the experiments of others. It 
is not, however^ from this to be concluded that Ellicott's 
determinations were erroneous ; for the expansion of a 
metal wUl suffer considerable change even by the pro- 
cesses to which it b necessarily subjected in the coo- 
fltruction of a pendulum. It is therefore desirable, 
whenever a ccmpensation pendulum is to be made, that 
the expansions of the materials emjdoyed should be 
detonained after the processes of drilling, filing, and 
hammering have been gone through. 

It has been objected to Harrison's gridiron penduluia, 
that the adjustment of the rods was inconvenient, and 
that the expansion of the bob supported at its lower 
edge woidd, unless taken into the account, vitiate the 
cmi^ensation. These consideraticms, it is supposed, 
gave rise to Ellicott's pendulum, which is nearly similar 
to those we have just mentioned. 

Ellicott's pendulum is thus constructed :y A bar of 
brass and a bar of iron are firmly fixed together at their 
upper ends, the bar of brass lying upon the bar of iron, 
which is the rod of the pendulum. These bars are held 
near each other by screws passing through oblong holes 
in the brass, and tapped into the iron, and thus the brass 
is allowed to expand or contract fr3ely upon the iron 
with any change of temperature. The brass bar passes 
to the centre of the bob of the pendulum, a littile above 
aad below which the iron is left broader for the pmpose 
«f altitching the levers to it^ and the iron is made of a 
•nfficieni length to pass qoLte through the bob of the 
pendulum. 



The jHvots of twcJ strong steel levers turn in two h<^e« 
drilled in the broad part of the iron bar. The short 
arms of these levers are in contact with the lower ex- 
"tremity of the brass bar, and their longer arms suppoirt 
the bob of the pendulum by meeting the heads of two 
screws which pass horizontally from each side of the 
bob towards its centre. By advancing 'these screws to- 
wards the centre of the bob, the longer t^rms of the lev- 
er are shortened, and thus the compensation may be 
readily adjusted. At the lower end of the iron rod, 
under the bob, a strong double spring is £xed^ to sap^ 
port the greater part of the weight of the boh by ^ its 
pressure upwards against two points at equal distances 
£rom the pendulum rod. Mr. Ellicott gave a description 
of this pendulum to the Royal Society in 1753, but he 
says the thought was executed in 1788. As- tins pendu- 
lum id very seldom met with, we think h unnecessary 
to give a representation of it. 

CompmsaUon by rneans of a Compoimd Bfor of Sttd 
and. Brass, . ...... 

Several cconpensationB for pendulums have been pro^ 
-posed, by nieans of a compound bar formed of 8te«l and 
brass soldered together. In a bar of this description, the 
iMttss expanding more than the steel, the bar becomes 
curved by a change of tempemturey the brass side be- 
coming convex and the steel concave with heat Now, 
if a bar bf tins • description have its ends resting! 'on 
iMipports on each side the cock of the pendulum,' the 
bar passing above the cock with ihe brass uppermost, if 
the pendulum spring be attached to the middle of tJie 
bar, and it pass in the usual manner thfougix the aliti»f 
the cock, it is* evident that, by icn/ increase of ism^ 
mature, vthe'-btHT will beoorae -cuwed - upwards, <8iid &e 
.^aduliinijflfQriog be dnnra.ttpwaHa through :th^«sli^ 
vZ 
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md thus the elon^tion of the pendnluni downwards 
will be compensated. The compensation may be adjuet- 
ed by varying the distaxiee of tke points of support from 
the middle of the bar. 

Sach was one of the modes of compensation propoaed 
by Nicholson. Others of the same description (tbat i% 
with compound bars) have been brought before tke 
public by Mr. Thomas Doughty and Mr. David Ritchie ; 
but as they are supposed to be liable to many practical 
objections, we do* not think it requisite to describe them 
more particidaarly. 

There is, however, a mode of compensation by nieaii9 
of A compound bar, described by M. Biot in the first 
Tohmie of his Traits de Physique, whicfa appears to pos^ 
sess considerable merit, of wfuch he mentions havin|^ 
4irat witnessed the successful em^oyment by the Baven* 
tor, a clockmaker named Martin. ' At Jig, ^1., S 0, is 
the rod of the pendulum, made, in the usual manner, 
of iron or steel ; this rod passes through the middle of & 
compound bar of brass and steel (the brass being under- 
most), which should be furnished with a short tube and 
screws, by means of which, or by passing a pm through 
tiie tube and rod, it may be securely fixed at any part of 
the pendulum rod» 

Two small equal weig^ W W slide along tiie cen- 
pound bar, and, when their proper position has been 
determined, may be securely clamped. 

The manner in which this comp^isation acts is t^s : 
^^ Suppose the temperature to increase, the brass ex- 
faading more than the steel, the bar becomes curved, 
snd its extremities carrying liie weights W and W are 
elevated, and thus the place ^ the centre of osoiHalioti 
is made to approach the point of suspension as much, 
when the compensation is ^pmopeAj adjosttd^ ss it had 
jvoededfitsnitbytiM eAonf«ti«i of tto pfmdnlam sod. 



Tkose mre three methods of a^^astilif thur campenii* 
tion: the first, by increasing^ or diminishing the weights 
"W. end W ; the second, by rarying the distaoce of the 
ureigfats W and W from the middle of the bar; aad the 
third, by varying the distance of the bar from the bob 
of the pendulum, taking care not to |mis3 the middle of 
tiie rod. The e&ct of the compensation is greater ts 
tiie freights W and W axe greater or more distant fern 
tite centre of the bar,^ and also as the bar is nearer to 
ike bob of the pendulum. 

M. Biot says that he and M. Matthieu emj^oyed a 
poidulum of this kind for a long time in making astro- 
iBomical observations, in which they were desirous of 
attaining an extreme degree of precision, and that they 
'SofanA its rate to be always perfectly regular. 

In all the pendulums which we haye described, the 
hob ]» stqsposed to be ^ed to the rod by a pin passiiig 
tfaarough ita centre, and the adjustment for time is- to 
Jbe -made by means of a small weight sUding iqMm 
ihexod. 

,^ Of the Mercurial Pendulum. 

We have been guided, in onr arrangement of the 
|ienduhims which we have described^ by the similarily 
itt the mode of compensation employed ; and we have 
now to treat of that method of compensation which is 
effected by the expansum of the material of which, the 
bob itself of the pendulum is composed. 

On this subject, as we have beftHre observed, an aid- 
micahle paper, from the pen of Mr. Francis Baily^ may 
be Iband in the Memoirs of the Astronomsoal Society 
d London, which leaves nothing to be desired by the 
xna&ematicai reader. But as our object is to simplify, 
and to render otur subjects as popular as may be, we 
t«ade«vodrto substitute finr ihe j^rfeot aceniw^ 
v4 
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wMch Mr. Baily's paper presents, such roles as maj be 
found not <»ily readily inteUigible, but practically appli- 
caUe, witbin the limits of those inevitable eirors whicii 
arise from a want of knowledge of the exact expansion 
of the materials employed. 

At^. 222., let SBrepiesent the rod of a penda- 
Imn, and F C B a metallic tube or cylinder, supported by 
a nut at the extremity of the pendulum rod, m the 
usual manner, and having a greater expansibility than 
that of the rod. Now C,- the centre of gravity, sup- 
posing the rod to* be "without weight, will be in the noid- 
die of the cylixkler ; and if C B, or half the cylinder, 
be of such a length . as to expand upwards as much as 
the pendulum rod S B expands downwards, it is evident 
that the centre of gravity C will remain, under any 
change of temperature^ at the same distance from the 
IKont of suspension &* M Biot imagined that, in: effect 
i]|gthia,a compenssJkion sufficiently accurate would bd 
obtained; but Mr. Baily has shown that this is by no 
means the fact. . . 

Let us suppose the place of the centre of oscillaticn 
to be at O, about three or four tenths of an inch, in a 
pendulum of tiie usual construction, below the centre of 
gravity. Now, the object of the compensation is to 
preserve the distance from S to O invariable, and not 
the distance from S to C. 

The distance of the centre of oscillation varies with 
the length of the cylinder FB, and henci3 suffers an 
•akexation .m its distance from > the point of suspension 
bythe elongation, of the cy]ind^,ialthough.the distance 
of the centre of gravity C from the point of su^iension 
remains unaltered. 

We! shall endeavour to render this perfectly iaxBiliar. 
Suppose a metallic cylinder^ inches long, to be sus- 
pended by a thread 36 inches long* thus foming. a 
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pendalom in wkich the distance of the centre of gravity 
from the point of suspension is 39 inches : the centre of 
oscillati0il in stich a pendulum will be nearly one tenth 
of On inch below the centre of gravity. Now let us 
imagine cylindrical portions of equal lengths to be add- 
ed to each end of the cylinder, until it reaches the point 
of suspension ; we shall then have a cylinder of 78 
inches in length, the centre of gravity of which will 
vtiU be at the distace of 39 inches from the point of sus- 
pension. But it is Mrellc known that the centre of oscil- 
lation of such a cylinder is at the distance of about two 
thirds of its length from the point of suspension. The 
centre of oscillation, therefore, has been removed, by 
the elongation of the cylinder, about 13 inches below 
the centre of gravity, whilst the centre of gravity has 
remained stationary. 

Now the same thing as that which we have just de- 
scribed takes place, tiiough in a very minor degree, 
wilii our former cylinder, employed as a compensating 
lK>b to a pendulum. The rod expands downwardsy the 
centre of gravity remains at the same distance from the 
point of suspension, and the cylinder elongates both 
above and below this point ; the consequence of which 
is, that though the centre of gravity has remained sta- 
ticNiary^ the distance of the centre of oscillation from 
the point of suspension has increased. It is, therefoo'e, 
evident that the length of the compensation must be 
such as to carry the centre of gravity a little nearer to 
the point of suspension than it was before the expansion 
todL place ; by which means the centre of oscillation 
will be restored to its former distance from the point of 
Buspension. 

Let us suppose the e3cpaT>sions to have taken place» 
and that the centre of ^ ««»/;•./) remaining at the same 
4isfeMe« from tfa^ point of suspensioD, the centre of 
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oscillation is removed to a greater distance, ns we have 
before explained. It is well known that the product 
obtained by multiplying the distance from the point of 
suspension to the centre of gravity, by the distance 
from the centre of gravity to the centre of oscillation, is 
a constant quantity ; if, therefore, the distance from the 
centre of gravity to the point of suspension be lessened, 
the distance from the centre of gravity to the centre of 
oscillation will be proportionally, though not equally, 
increased, and the centre of oscillation will, therefore, 
be elevated. We see, then, if we elevate the centre of 
gravity precisely the requisite quantity, by employing a 
snfiicient length of the compensating material, that 
although the distance from the centre of gravity to the 
point of suspension is lessened, yet the distance from 
the point of suspension to the centre of oscillation will 
suffer no change. 

The following rule for finding the length of the com^ 
pensating material in. a pendulum of the kind we have 
been considering will be found sufficiently accurate for 
all practical purposes : — * 

Find in the Ttumner before directed the length of ffcc 
eompensating material, the expansion of which wiU he 
equal to that of the rod of the pendidunu Dovble this 
length, and increase the product by its one-tenth party 
which will give the total length required. We shall give 
examples of this as we proceed. 

Graham's Mercurial Pendulum. 

' It was in the year 1721 that Graham first put up a 
p^idulum of this description, and subjected it to the 
test of experiment ; but it appears to have been after- 
wards set aside to make way for Harrison's gridiron 
pendulmn, or for others of a similar description* For 
«ome years paifet, however, its ments have been more 
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genei^Ej known, and it is not mapiimg tiiit it flbould 1^ 
considered as preferable to othen^ both from tfaesim* 
plicitjr of its ccMistraction, and the perfect ease witli 
which the cranpensation may be adjusted. 

We have already allnded to Mr. Sally's very Mt pa-* 
per on this pesdnltna, end we shall take tiie liberty of 
extracting from it the following description:— 

At Jig. 223. is a drawing of the mercurial pendnluttt 
as constructed in the manner proposed by Mr. Baity. 

** The rod S F is made of steel, and p.erfectly straight ; 
its form may be either cylindrical, of about a quarter of 
an inch in diameter, or a flat bar, three eighths of sn 
mch wide, and one eighth of an inch thick : its length 
from S to F, that is, from the bottom of the spring to tike 
bottom of the rod at F, should be 34. Inches. The lower 
part of this rod, which passed through the top of tiri! 
stirrup, and about half an. inch above and below tiie 
same, must be formed into a €0€tr$e and <feep screw, 
about two tenths of an inch in diameter, and having 
about thirty tarns in an inch. A steel nut with a milled 
head must be placed at the end of the rod, in order Id 
support the stirrup; and a similar nut most also be 
placed on the rod above tiie head of the stirrup, in order 
to screw firmly down on the same, and thus secure it m 
its position, after it has been adjusted nearfy to the 
required rate. These nuts are represented at B and C. 
A small slit is cut in the rod, where it passes through 
the head of the stirrup, through which a steel jna B is 
screwed, in Order to keep the stirrup from turning round 
on the rod. The stirrup itself is also made of steel, 
and the side pieces should be of the same form as the 
rod, in order that they may readSy acquire the same 
temperature. The top of the stirrup consists of a flat 
piece of steel, shaped as in the drawing, somewhat mow 
than three eighths of an inch tl^k. Through the ml^ 
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die of the top (which at this part is about one inch deep) 
a hole must be drilled sufficiently large to enable the 
screw of the rod to pass fredy^ but without tSiakmg^ 
The inside height of the stirrup from A to D may be 
8i inches, and the inside width between the bars about 
three inches. The bottom piece should be about three 
eighths of an inch thick, and hollowed out neaily a 
quarter of an inch deep, so as to admit the glass cylin- 
der freely. This , glass cylinder should have a brass or 
iron cover G, wluch should fit the mouth of it freely, 
with a shoulder projecting on each side, by means of 
which it should be screwed to the sidebars of the stirrup, 
and thus be secured always in the same position. This 
cap should not press on the glass cylinder, so as to pre- 
vent its expansibn. The measures above given may 
require a slight modification, according to the weight of 
the mercury employed, and the magnitude of the cylin- 
der: the final adjustment, however, may be safely left 
to the Artist Some persons have recommended that a 
circular piece of thick plate glass should float on die 
mercury, in order to preserve its sur&ce uniformly level.* 
The part at the bottom marked H is a {Mece of brass 
fastened with screws to the firont of the bottom of the 
Btirrup^ through a small hole, in which a steel wire or 
common needle is passed, in order to indicate (on a 
Bcale affixed to the case of the clock) the arc of vibration. 

♦ TTie variation prodaoed in the height of the column of mercury (gnp- 
poaed to be 6-5 inches high) by an alteration of ± 16° in the temperatoie 
will be only ± 001 of an inch, or in other wordu, 001 of an inch will be 
the toUl variation from its mean state, by an alteration of 39° in the tem- 
peratme. It is therefore probable that, in most cases of moderate alteitp 
tion in the temperature, the centre ao\y of the column of merenry is iiib- 
ject to elevation and depression, whilst the exterior parts remain attached 
to the sides of the glass vessel. It was with a view to obviate this incon- 
venience that Henry Browne, Esq. of Portland Place (I believe) first «of. 
fMUd the pieoe of floating glan. 



This wire eiidtiid mei^y rest in. the bslhy whstiAff^ il 
may be easily removed wlieii it is required to detach the 
pendulum from the clock, in order that the stirrup imght 
then stand securely on its baae. One of the screw 
boles should be rather larger .than the body of tha 
screw, in order to admit oi a snaU adjustment^ in case 
the steel wire should not stand exactly perpendicnlarto 
the axis of motion. The scale should be. divided into 
degrees^ and not whu^ observing that with a radios of 
44 inches (th^ estimated distance from the bend of the 
spring to the end of the steel wice) the length of .each 
degree on the scale pmsk be 0*7€8 inch." 

In c^der to determioe the length of the mercuhal 
colum&neceasaiy to form, the eoupenBation for this peiif* 
duljum, we mMst procesed in the following maimer : *<- 

Let us suppose the length of the steel rod and stimip 
together to be 42 inches. The absolute expansion of 
the mercury is /OOOIOQIO ; bat it is not the abscdate 
^ expansion, but the vertical ezpaasi^ftiA a glass cylinder, 
which is raqoir^, iMftd this will- evidently he influenced 
by the expansion of the base of the cylinder. It is easi- 
ly deinonstrable tbat^ if we multiply the linear. expansion 
of any sabstance (always supposed to be- a very small 
part of its length) by 3^ we seuay in all cases take the 
result for the cubical or absolnt^ expansion of such 
substance. In like znaainer, if we. multiply lhe> linear 
expansion by % we shall have the superficial expansion. 
If we want the apparent expansion of mercury, the 
absolute or cubical expansion of the glass vessel must 
be deducted from the absolute expansion of the mercury, 
which will leave its excess or apparent expansion. In 
like manner, deducting the superficial expansion of glass 
from the absolute expansion of mercury, we shall have 
its relative vertical e:2q>ansion. Now, taking the rate 
of expansion of glass to be *00000479, and multiplying 



99t ' THSii««flif^t««>]kft«^^HMi; o#^K a^3& 
in bj %. tlkv vdkllh9 veiticsl •sfjpwfi^idli of ^e ik^rc&rf 

-OO0Q9O52. 

The expaftnoB of a tt^ rod, ftcodrdittg' ta (Mif tsiBle, 
ift -0000063596 ; which, diyMed by -0600906^ ^^ 
*0708 for the length of «r €dlui»fl of m^rcwy, the expes- 
sion of which kr ^qnnX to that cf a 0teel rbi whoetf 
length ia tinityl 

We have now to multiply^ ki^e^ bf*0703, wiiSe& 
gives 2*05 iiiehes f and this, deleted ffam 42, leaves 
3^1 inched | so that tii0 l^ngtii of rod w^ have- dosen 
is sufficiently near the troifli. Now^ dcuMe d*99ltfchee^, 
ifld add on6r4enth of iti product, tttid wie^ s!to.l! hsv^e 6*49 
Hiches for tiko kagtb' of the diet^dritfl cokimi^ forming 
the reqokto 40BipefidSition!. Mi'^ BadlyV nttM*e sicoui^ttf 
caiontatiott gireif #91 inehe^. 

Amerovrial eomp^n^ailion powdettAnr tMiyle fima^/ 
hdnriDg^ a eylndet «f ^leel ^r irbii, tHt& its' tc^ c'oii(»truee^ 
ed^in the suHte mmmt m th« top^lif the iltai<Tup; so'Stt^ . 
tecfldve the aer^w^o^ the ^od. 1V> IM €ke tenf^tk c^ the 
Biweinial cotoMwnecttasaty ifi a pendulum of thi« dtf^ 
flBnp(ikn,.(Aatia9V with a eylimdei' At«de ^ s«e<e9,) we 
nraBt doable the Imoar oxpansiofn of steel, afi^ take if 
fhim the absolute ^bcpansion o^ niercttry to obtain th^ 
relative vertical expaftsion of 1i)e iKierciiry. Tins wtB 
hmmi^OOii>^'QQ09nn^H»&9&m; dnd, proceed- 
ing as before, we have ^^^^- = 07279. 

Let the length of the steel rod be, as before, 42 
inches. Multiplying this by '07279, we have 3057, 
which being doubled, and one tenth of the product add- 
ed, we obtain 6*72 inches for the, length of the com- 
pensating mercurial column ; which Mr. Baily states to 
be 6-59. 



glajis hs^ been eixiployed by the wiator <^ this utidiey 
who has ha4 reasQQ to think well of its perfi>naa&e€t, 
It9 cheapiiMs and simplicity mueh roeoroinend it It b 
merely a cylinder of glass of about 7 inches in depth, 
and 2i inches diameter, terminated by a long neek, 
which forms the rod of the penduluaa, the whole Uowa 
in one piece. A cap of brass is clamped by mesas of 
^screws to the tpp of the rod> and to this the penduhtm 
spring. is pinned.. 

. We have unqvbestionahlQ^antiiority for sayings that the 
mercurial pendulum of the msiial cona^uctjk^n, that is, 
lyith a steel rod and gl&98 cylinder, is^ not aiS^ted by 
a change of temperature simnlta^ieoqsly in aU its parts. 
Now, the pendulum of which we are treating being 
fonned thronghont of the same material in a single 
piece, and in eirery part of the same thickness, it is pre- 
6^m^4 il .ca])^.e|£p4^ in. a* linev dhrectjptt, unial the 
tf mp^rafufe Im p^ne^ated to th«. whole ioterier surfit^ 
<9f the g;lg,?a.,,.whei> it is. rapidly f4ifiiifled tbrnsgh the 
m^ Qi .wej^fi^a:^^. M^JBi^^tn^^tiofi^ thata-peod^mn^ 
this kind W9J^ foifneiiy-,uae4.jQ France, i^d esprest^^e 
his surprise that it was ni^ longer: employedi as.be had 
hear4 it very highly spoken «^.. The writer of thi(B 
.article has also used a pendulum, with a glass red, whieli 
diffei^ from that weha^ ; just raentioDdd, in having the 
.lower 9nd of the rod ficmly fixfd m 9^ socket attach«4 Ip 
the centre of a circular iron plate, on th^ circ«mQ£eren<%e 
of which a screw is cut, which fits into a collar of i^fip, 
gyppK»rtiog the cylinder (|o whiph^i^ia pemented.) by 
.fljef^ni^ (»f lit .f2i^GMl^ lipr. 

Thisioirang/^ni^l) thiwgbp^rh^ps.Ui^s perfect; thftp 
t^t yir^ h#¥|a ju^. d9senhi9di ^ p^adulum mt being in 
W?.pi«ce, ^t^d i4iflPi^e. <)f iJl9:w»g ji' «ir««l»r 



tufy,' as puietiised by Mr. Browne. T6 detenmne the 
lengl^ of a column of mercury for a glass pendulnm, 
let us suppose the glass, includiiig the cylinder, to be 
41 inches in length. Multiplying this by "OSSd, the num- 
ber taken from Table II. for a glass rod and mercury in 
A glass cylinder, we hare 2*17 inches for the uncorrected 
length of mercury, which compensates 41 inches of 
^lass.^ Suppose the^ steel spring to be one inch and a 
iialf long: multiplying this by -0703,. the appropriate 
decimal taken from Table II., we have Ol, the length of 
merftory -due to the steel, inaking with the former 2^ 
inches, which, beihg dotrbled, and the product increased 
by its one-tenth part, we obtain five inches for the length 
of the required cetomn of mercury. 

Compensation Pendulum of fVood and Leady on the 
> Principle of tJie Mercurial Pendulwn. 

If by tiny contrivance wood cotdd be rendered imper- 
vious to moisture, it woisild afford one of the most conven- 
ient eubstattces known for a coiiip^n^ation pendulum. R 
^does not appear- thut stlfflcient -esiperitQetits have been 
niad« upon this subjidct to decide the question. Mr. 
Browne of 'P(nrtfattd Plaee, whd has- devoted much of his 
time and utte^taon to ikt ihOst idellcate inquiries of this 
-Itind, has, we bieH^e, foutad lliat if a: teak rod is well 
gilded, it will not «fte)»wa3^ %e afl^cted by moisture. 
At«ll'«v^Bts, it m4k«B a far superiior penduluin, wheti 
thus 'prefpeited, to-^hat it does when such preparation is 
emitted. .< . 

^. Mr. Baily, in t&e paper we have before Uliided to, 
proposes an economical pendulum to be constructed by 
means of a le«den cylinder and ^k d^al rod. He preffers 
leaif to' zinb," on account- of 'its' iMforii»f ipric'e, uid'ifie 
ease < with wMeh * it may -^ be ' fotnued- ihto^ ^e' require 
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their rates of expansion, it k equally applicable to tlie 
purpose. 

Let the length of the deal rod be taken at 46 inches. 
Then, to find the length of the cylinder of lead to com- 
pensate this, we have, in Table IL, -1427 for such a 
pendulum; which, being multiplied by 46, the product 
doubled, and one tenth of the result added to it, gives 
14*44 inches for the length of the leaden cylinder. Mr. 
Baily's compensation gives 14*3 inches. 

The rod is recommended to be made of about throe 
eighths of an inch in diameter: the leaden cylinder is 
to be cast with a hole through its centre, which will ad- 
mit with perfect freedom the cylindrical end of the rod. 
The cylinder is supported upon a nut, which screws on 
the end of the rod in the usual manner. This pendulum 
is represented at J%-. 224. 

Mr. Baily proposes that the pendulum should be 
adjusted nearly to the given rate by means of the screw 
at the bottom, and that the final adjustment be made 
by means of a slider moving along the rod. Indeed, 
this is a means of af^ustment which we would recom- 
mend to be employed in every pendulum. 

SmtatorCs Pendulum, 

We shall conclude our account of compensation pen- 
dulums with a description of that invented by Mr. 
Smeaton. The compensation for temperature in this 
pendulum is effected by combining the two modes, 
which have been so fully described in the preceding part 
of this article. 

. The pendulum rod is of solid glass, and is furnished 
with a steel screw and nut at the bottom in the usual 
manner. Upon the glass rod a hollow cylinder of zinc, 
about the eighth of an inch thick, .and about 12 inche^ 
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long, passes freely, and rests upon the nut at the botliMn 
of tiie pendulum rod. 

Over the zinc cylinder passes a tube made of sheet- 
iron. The edge of this tube at the top is turned in- 
wards, and is notched so as to alJow of this being , 
effected. A flanche is thus formed, by which the iron 
tube is supported, upon the zinc cylinder. The lower 
edge of the iron tube is turned outwards, so as to form 
a base destined to support a leaden cylinder, which we 
are about to describe. 

A cylinder of lead, rather more than 12 inches long, 
is cast with a hole through its axis, of such a diameter as 
to allow' of its sliding freely, but without shake, upon the 
iron tube over which it passes, and by the lower extremi- 
ty of which it is supported. 

Now the zinc, resting upon the nut and expanding 
upwards, will raise the whole of the remaining part of 
the compensation. This expansion upwards will be 
slightly counteracted by the lesser expansion downwards 
of the iron tube, which carries with it the leaden cylin- 
der. The cylinder of lead now acts upon the principle 
of the mercurial pendulum, and, expanding upwards, 
contributes that which was wanting to restore the cen- 
tre of oscillation to its proper distance from the point of 
suspension. 

This pendulum, we have been informed, does well in 
practice, and we are not aware that any description of 
it has been before published. 

The method of calculating the length of the tubes 
required to form the compensation is very simple ; noth- 
ing more is necessary than to find the length of zinc, 
the expansion of which is equal to that of the pendu- 
lum rod. 

Let the pendulum rod be composed of 43 inches of 
glass, the spring being an inch sad a half long^ and the 
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screw between the end of the glass rod and the nut half 
an inch, making in the whole two inches of steel and 
43 inches of glass. 

Now to find the length of zinc that will compensate 
the glass, we have, from Table II., for glass and zinc 
•2773, which, multiplied by 43, gives 11*92 inches. In 
like manner we obtain as a compensation for two inches 
of steel 074 of zinc, which, added to 1192, gives 12-66 
inches for the total length of the zinc cylinder. 

Now if the iron tube and the lead cylinder be each 
made of the same length as the zinc, and arranged as 
we have described, the compensation will be perfect 
To prove this, find, by means of the expansions given 
in Table I., the actual expansion of each of the sub- 
stances employed in the pendulum, and we shall have 
the following results : — 
The expansion of 12-66 inches of zinc ex^ 

. panding inwards is *0002186 

Deduct that of 12-66 inches of iron expand- 
ing downwards *0000869 

Remaining efiect of expansion upwards, re- 
ferred to the lower extremity of the iron 
tube -0001317 

Now, for the lead. — On the principle of the 
mercurial compensation, subtract one tenth 
part of the length of the cylinder, and 
take half the remainder, and we shall have 
six inches of lead, the expansion of which 
upwards is -0000955 



Total expansion of. the compensation np- 
wardfl ............. 0009272 



Td 6fifi tiie expaiiision of lie rod, i^ ii^e 

the expansion of 43 inches of g\9i^h . . . "bOOSCBS 
Of two inches of steel * . -lOtoOlS^ 



Total expansion of the pendulum rod . . -. '0002186 

Agreeing near enough with that of the coinpeneatidn 
l)efore found. 

As we conceive we have been siifficiently CxJdicJit fa 
our description of this pendtilum, in the consiructiori of 
which no difficulty presents itself, we think to engraf ed 
representation of it would be superfluous. 

We have hitherto treated only of compcJiisaticttis for 
temperature ; but there is another kind of error, which 
has been sometimes insisted upon, arising from a varia- 
tion in the density of the atmosphere. If the density of 
the atmosphere be increased, the pendulum will expe- 
rience a g-reater resistance, the arc of vibration will in 
bonsequence be diminished, and the penduiuai will 
vibrate faster. This, however, is in soibe ibeasi^ 
counteracted by the increased buoyancy of the atmo- 
flj^erOj which, acting in opposition to gravity, occasions 
the pendulum to vibrate slower. If the one eJSPect 
exactly equalled the other, it is evident no error would 
arise ; and in a paper by Mr. Davies Gilbert, President 
of the Royal Society of London^ ipublished in the Quar- 
terly Journal for 1826, he has ptoved that, by a happy 
chance, the arc in which pendulums of clocks a^ usu- 
ally made to vibraJte is the arc ajb whkh 'ihi$ cdmpCTsa- 
tion of error takes place. This aro^ for a pendulum 
having a brass bob, is lo 56' 30'' on eadh.nde of 
^ perpendicular; and for a mercurial pendulum, 
lo 31/ 44\or advotit one degree lana a hal£ 
*• .It id- well, known ,that, if .a pendulum vibraim in a 
-ci r c ul a r arc, the times of vibration will vary nearly as 
the squares of the arcs ; b\it if ti» pendolun could be 
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made to vibrate in a cycloid, the time of its vibration in 
arcs of different extent would then remain the same. 
Huygens and others, therefore, endeavoured to effect 
this by placing the spring of the pendulum between 
cheeks of a cycloidal form. 

When escapements are employed which do not in- 
jure an unvarying impulse to the pendulum, the force 
ttay be unequally transmitted through the train of the 
clock in "consequence of unavoidable imperfections 'of 
' workmanship, and the arc of vibration may suffer some 
increase or diminution from this cause. To discover a 
remedy for this is certainly desirable. 

The writer of this article some years ago imagined a 
mode, which he believes has also been suggested by 
others, by which he conceived a pendulum might be 
made to describe an are approaching in form to that of 
a cycloid. The pendulum spring was of a triangular 
form, and the point or vertex was pinned into the top of 
the pendulum rod, the base of the triangle forming 
the axis of suspension. Now it is evident that when 
the pendulum is in motion, the spring will resist bending 
at the axis of suspension, with a force in some sort pro- 
portionate to the base of the triangle. 

Suppose the pendulum to have arrived at the extent 
of its vibrations ; the spring will present a curved ap- 
pearance ; and if the distance from the point of suspen- 
sion to the centre of oscillation be then measured, it 
wfll evidently^ in consequence of the curvature of the 
tfpring, be shorter than the distance from the point of 
suspension to the centre of oscillation, measured when 
the pendulum is 'in a perpendicular position, and conse- 
quently when the spring is perfectly straight 
• The base of the triangle may be diminished, or the 
spring be made thinner ; either of which will lessen its 
eSbet We -catmot say how this plan might "answer^ 
w3 
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upon further trial, as sufficient experiments were not 
mfide at the.time to authorize a deciaive conclusion. 

We have thus completed our account of compensation 
pendulums ; but before we conclude, it may not be unac- 
ceptable if we offer a few remarks on some points which 
may be found of practical utility. 

The cock of the pendulum should be firmly fixed 
either to the wall or to the case of the clock, and not to 
the clock itself, as is sometimes done, and which has 
occasioned much irregularity in its rate, fix>m the mo- 
tion communicated to the point of suspension. We 
prefer a bracket or shelf of cast iron or brass, upon 
which the clock may be fixed, and the cock carrying the 
pendulum attached to its perpendicular back. This 
bracket may either be screwed to the back of the clock- 
case, or, which is the betted mode, securely fixed to the 
wall ; and if the latter be adopted, the whole may be 
defended from the atmosphere, or from dust, by the 
clock-case, which thus has no connection either wick 
the clock or with the pendulum. 

The point of suspension should be distinctly defined 
and immovable. This may be readily effected, after 
the pendulum shall have taken the direction of gravity, 
by means of a strong screw entering the cock (which 
should be very stout) on one side, and pressing a fiat 
piece of brass into firm contact with the spring. 

The impulse should be given in that plane of the rod 
which coincides with the plane of vibration passing 
through the axis of the rod. If the impulse be given at 
any point either before or behind this plane, the proba- 
ble result will be a tremulous unsteady m(>tion of the 
pendulum. 

A few rough trials, and moving the weight, will brinjf 
the pendulum near ita intended time of vibration, whicb 
should be left a Uttle too alow ; when the bob should be 
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firmly fixed to the rod, if the form of the pendulum 
-vnH admit of it, by a pin or screw passing through its 
centre. ^ 

The more delicate adjustment may be completed by 
shifting the place of the slider with which the pendulum 
is Fupposed to be furnished on the rod. 

Mr. Browne (of whom we have before ppoken) prac- 
tises the following very delicate mode of adjustment for 
rate, which will be found extremely covenient, as it is 
not necessary to stop the pendulum in order to make the 
required alteration. Having ascertained, by experiment, 
the effect produced on the rate of the clock, by placing 
a weight upon the bob equal to a given number of grains, 
he prepares certain smaller weights of sheet-lead, 
which are turned up at the corners, that they may be 
conveniently laid hold of by a pair of forceps, and the 
effect of these small -weights on the rate of the clock 
will be, of course, known by proportion. The rate being 
supposed to be in defect, the weights necessary to cor- 
rect this may be deposited, without diflSculty, upon the 
bob of the pendulum, or upon some convenient plane 
surface, placed in order to receive them : and should it 
be necessary to remove any one of the weights, this may 
readily be done by employing a delicate pair of forceps, 
without producing the slightest disturbance in the mo- 
tion of the pendulum. ' 
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Dilatability of, 31 . Inertia of, 36. 
Rule for determining velocity of; 
motion of two bodies after impact, 
43. 



Capillary attraction, 81. 

Capstan, 303. 

Cause and effect, 8. 

Circle of curvature, 113. 

Cog, hunting, 317. 

Components, 56. 

Cord, 186. 

OordafB, friction and rigidity of, 995. 

Crank, 373. 

Crystallisation, 16. 

Cycloid, 179. 



Damper, self-acting, 365. 
Depareieoz's compensation pendu- 
lum, 361. 
Diagonal, 56. 
Dynamicfl, 181. » 
Dynamometer, 346. 



Electricity, 85. 
Electro-magnetism, 85. 



Eqnilibrinm, MUfcfal, iMteUa, and 
stable, 133. 

P. 

Figure, 5. 

Fly-wheel, 371. 

Force, 7. Composition and resolo- 
tion of, 54. Centrifugal, 113« Mo- 
ment of; leverage of7 153. Regu- 
lation and accumulation of, 354. 

Friction, effects of^ 109. Laws of, 



Governor, 857. 

Gravitation, attraetioa of, 85. Ter- 
restrial, S3. 
Gravity, centre of, 131. 
Gyration, radius of, centre of, 15S. 

H. 

Hooke's universal joint, 285. 
Hydropfaano, porosit/of, 30. 



Impact, 45. 

Impulse, 73. 

Inclined plane, 185,336. 

Inclined roads, 339. 

Inertia, 30. Laws of, 36. Moment 



Julien le Boy, compeasatioa tube 
of, 361. 



Lever, VSb, Falerum 9X\ threo 

kinds of, 189. Equivalent, 199. 
Line of direction, 135. ■ 
Liquids, compressibility of, 97. 
Loadstone, 75. 



Machines, simple, 181. Power of, 

199. RegnUUon of, 354. 
Magnetj 75. 
Magnetic attraction, 9. 
Magnetism, 85. 
Magnitude, 4. 
Marriott's patent weighing machine^ 



I9DCX. 



Materiab, itren^ of. 306. 

Matter, properties or, 3. Impene- 
trability of, 5. Atoms of; mole- 
culeii of, 6. Diviaibility ot 10. 
Examples of the subtilty oQ 13. 
Limit to the divisibility of, 15. 
Porosity of; density of, 19. Com- 
prbSsibiUtyof;^!. ElasUoHy and 
dilatibility of, 31. Impenetrabili- 
ty of, 35. Inertia of, 30. 

Mechanical scitace, foundation of, 
18. 

Metronomes, principles of, 174. 

Molecules, 6. 

Motion, laws of, 51. Uniformly ac- 
celerated, 97. Table illustrative 
of, 100. Retarded ; of bodies on 
inclined planes and curves, 106. 
Rotary and progressive, 144. 
Mechanical contrivances for the 
modification of^ 377. Continued 
rectilinear ; roeiproeatory rectilin- 
ear ; continued circular ; recipro- 
cating eircidar, 379. 

N. 

'Nevilon, method of, for determining 
the thickness of transparent sub* 
stances, 13. Laws of motion of, 
61. 

O. 
Oscillation, 146. Of the pendulum, 
164. Cenlro of, 173. . 

P. 

Parallelogram, 56. 

Particle, 7, 

Pendulum, oscillation or vibration 
of, 164. Isochronism of, 167. Cen- 
tre of oscillation of, 173. Of 
Troughton, 355. Compensation, 
S60. Of Harrison, 355. Tubular, 
of Tromrhton, 355. Of Beozen- 
berg, 358. Ward's compensation, 
360. Captain ICater's compensa- 
tion, 363. Reid;'s compensation, 
364. EUicott's 365. Steel and 
l^rass compensation, 367. Mercu- 
rial, 369. Graham's ii;terGurial, 
373. Wood and lead, 378. Smsa- 
ton's, 379. 
' Percussion, 147. Centre df, 164- 

Flanes of cleavage, 17. 
. Porosity, 1^. 

Power, i8B. 

Properties, 3. 



Projectiles, curvihnoar path of, W. 

Pnlley, 186. Tackle ; fixed, 225. 
Singib moveable, 336. Called t 
runner; Spanish bartons, 338. 



Rail-roads, 341.. 
Regulating damper, 365. 
Regulators, 357. ^ 

Repulsion , 9. Molecular, 83. 
Resultant, 56. 
Rou-engine, 363. 

S. 
Saltef , spring balance of, 345. 
Screw, 845. Concave,9«. BIicio- 

nieter, 353. 
Shape, 6. 
Spring, 344. 

ISeMmC.P*i.l..,335.Cl.. 

nes<), 339. 
Syphon, capillary, 88. 



Table, whirling, 113. 
Tachometer, 365. 
Tread-mill, 303.- 



Velocity, angular, 113. 
VibraUon, 146. Of the pendulom, 

165. Centre of, 173. 
Volume, 6, 19. 

W. 
Watch, mainspring of; balaaoi- 

wheel of, fSii. 
Water regulator, 360. 
Wedge, 313. Use of, 34^. 
Weight, 188,339. 
Weighing machines, 345. . For tam- 

pike-roads, 343. By meana of & 

spring, 344. 
Wheels, spur, crown, bevelled, 21^ 

Escapement, 380. 
Wheel and axle, 300. 
Wheel-work, SjOO. 
Winch, 303. 
Windlass, 303. 
Wollaston's wire, 11. 



Zureda, apparatus of; Leopold'i 
i^)pliGation of, S84> 



THE END. 
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